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ABSTRACT 
Attention-deficit/hyperactivity disorder (AD/HD) is a common neurodevelopmental 
disorder with early childhood onset and long-lasting symptoms.  The resting-state 
electroencephalogram (RS-EEG), which directly measures central nervous system activity, is 
considered as a potential tool to diagnose AD/HD.  However, its diagnostic value is recently in 
debate.  The first aim of this thesis was to explore if the theta-to-beta ratio (TBR) can distinguish 
AD/HD from controls (Study 1) and examine a methodological consideration that may influence 
the group comparison (Study 2).  Moreover, a prognostic perspective of using RS-EEG in 
AD/HD was provided in recent studies.  Based on the evidence that resting brain activity 
contributes to individual task-related performance, study 1 also preliminarily explored the 
relationship between RS-EEG and executive functions (EF), to examine if RS-EEG can be in a 
prognostic manner to predict EF performance.  Following this perspective, two subsequent 
studies were conducted to extend the preliminary findings: Study 3 examined the association 
between TBR and inhibitory functions, and Study 4 used RS-EEG measures from different resting 
states as a whole to explore the role of RS-EEG measures in common EF and day-to-day EF.  The 
third aim was encouraged by the need of non-pharmacological inventions in children with AD/HD.  
As RS-EEG and EF based inventions show promising results, Study 5 preliminarily compared 
three invention protocols (cognitive training, neurofeedback training, and combined training) in 
terms of transfer effects.   
Overall, this thesis found that RS-EEG measures derived from spectral power analysis such 
as TBR may not reliably diagnose children with AD/HD.  Rather, RS-EEG measures are related 
to different types of EFs, which suggests that RS-EEG may be served as prognostic indicators to 
predict EF performance.  Together, these results contribute to the discussion about the clinical 
value of RS-EEG in children with AD/HD.  Also, the results lead to methodological 
considerations of detecting AD/HD versus control differences and the suggestion for future 
AD/HD models.  In addition, as the preliminary intervention study showed the narrow transfer 
effects of cognitive and neurofeedback training, this thesis supports that these non-
pharmacological interventions may be served as an adjunct treatment; meanwhile, some 
suggestions are offered to optimise training protocols. 
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CHAPTER 1: Review of Literature 
In accordance with the University of Wollongong guidelines for thesis by compilation, the 
literature review will provide a contextual background to the studies reported in the study chapters, 
and each study chapter will provide a targeted review of literature relevant to the aims and 
objectives of the study being reported. 
1.1 A brief history of Attention-Deficit/Hyperactivity Disorder   
Attention-Deficit/Hyperactivity Disorder (AD/HD) has its historical roots in clinical 
observation (Palmer & Finger, 2001).  Some early descriptions date back to 1798 (Crichton, 
2008): “It has been remarked that debility and torpor of body are causes which weaken attention, 
inasmuch as the nerves of such people do not convey the impressions they receive with a due degree 
of force and clearness. The passions and affections of people of this description are naturally weak, 
and hence they are often of a retired and unsocial disposition, having few friendships, or 
attachments of any kind, and these seldom of a lasting, or durable nature.” (Crichton, 2008).  
Later, the story of “Fidgety Phil” was written based on an AD/HD-like case in the nineteenth 
century and describes the dinner time behaviour of a naughty boy.  The description struck a chord 
with parents, and as a result the story of “Fidgety Phil” was widely spread around the world 
(Thome & Jacobs, 2004).  
The scientific exploration of AD/HD can be traced back to Sir George Frederic Still’s work 
at the beginning of the twentieth century (Palmer & Finger, 2001; Barkley, 2006; Lange, Reichl, 
Lange, Tucha, & Tucha, 2010).  Still in 1902 defined the deficit as “an abnormal defect in moral 
control in children” (Barkley, 2006).  Some descriptions (e.g. “the immediate gratification of self 
without regard either to the good of others or to the larger and more remote good of self”) are 
highly similar to contemporary research concepts (e.g. delay aversion; Sonuga-Barke, 2005).  
Since then, the deficit has been labelled with different names, such as post-encephalitic behaviour 
disorder, hyperkinetic disease, minimal brain damage, and minimal brain dysfunction (Lange et 
al., 2010). 
Although AD/HD has been given different names and descriptions throughout history, 
clinical observations gradually led to the conclusion that the disorder is caused by the central 
nervous system (CNS) rather than educational or family factors (Barkley, 2006).  This conclusion 
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derives from two primary clinical observations.  Firstly, this behavioural abnormality in children 
was found, by coincidence, to be rectified by taking stimulants.  Back to the 1930s, stimulants 
were initially taken to alleviate headaches in children; however, a “side effect” was reported by 
Bradley (1937) – i.e. a range of behavioural disorders including inattention, hyperactivity, and 
impulsiveness were significantly improved by stimulants.  Secondly, other clinical evidence 
indicated that a similar abnormal behaviour pattern was observed in individuals with a specific 
brain injury.  For example, soldiers with frontal lobe lesions showed restlessness and an inability 
to sustain attention (Barkley, 2006).  
Since these early discoveries, a deeper understanding of AD/HD has been developed, 
including international agreement on standardisation of the diagnosis.  The most widely accepted 
standard for the diagnosis of AD/HD is the Diagnostic and Statistical Manual of Mental Disorders 
(DSM).  The earliest description of AD/HD appeared in the second edition, DSM-II (APA, 1968).  
The disorder at that time was labelled as “Hyperkinetic Reaction of Childhood”, and was mainly 
characterized by hyperactivity.  However, the symptom focus shifted from hyperactivity to 
inattention in DSM-III (APA, 1980), based on research indicating that it was inattention rather than 
hyperactivity that caused the disorder (Stubbe, 2000).  Correspondingly, the disorder was 
renamed as “Attention Deficit Disorder (with or without hyperactivity)” (ADD, or ADDH) in 
DSM-III, with this labelling implying two subtypes of the disorder (Stubbe, 2000).  In addition, 
DSM-III (APA, 1980) firstly introduced a numerical cut-off score for diagnosing AD/HD 
symptoms and specified diagnostic criterion such as age of onset and symptom duration (Barkley, 
2006).  In DSM-III-R, a revision was made to remove the subtype “ADD without hyperactivity” 
and to re-conceptualise the disorder as a unitary disorder “Attention Deficit-Hyperactivity 
Disorder” (ADHD) (APA, 1987), in response to research suggesting that the disorder was in a 
single category (Barkley, 2006).  However, subsequent studies indicated substantially 
heterogeneous features in patients with ADHD, which led to a change in DSM-IV (APA, 1994) 
where the two-dimensional concept (i.e. separating inattention and hyperactivity-impulsivity 
symptoms) was again introduced (Stubbe, 2000).  Consequently, three subtypes were 
conceptualized including a predominantly inattentive type, a predominantly hyperactive-impulsive 
type, and a combined type.  Also, AD/HD was no longer only recognized as a childhood disorder 
in DSM-IV, which deepened our understanding that AD/HD is a chronic disorder rather than only 
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a childhood disorder (Barkley, 2006).  The definitions remained the same in the subsequent 
revised edition, DSM-IV-TR (APA, 2000). 
After publication of DSM-IV-TR a large amount of studies was conducted, which resulted 
in changes in the latest DSM, DSM-V (APA, 2013).  One controversial aspect in DSM-IV-TR 
was the onset age of AD/HD.  DSM-IV-TR required that children had shown impairments before 
7 years of age – a requirement which lacked empirical support (Barkley & Biederman, 1997).  In 
DSM-V, the onset age was extended to 12 years (APA, 2013), i.e. for a diagnosis to be made a 
child was required to show symptoms before 12 years of age.  However, it should be noted that 
the change is made mainly to facilitate clinical assessments (Polanczyk et al., 2010; Coghill & 
Seth, 2011) and is not based on the actual onset age of this disorder (Coghill & Seth, 2011).  
Another change in DSM-V included the requirement to show symptoms rather than impairment – 
an effective loosening of the diagnostic standards of the past.  Further, as the subtype 
classifications in DSM-IV were criticised based on studies indicating that the status of AD/HD 
subtype may vary over time in an individual (Willcutt et al., 2012), subtype labelling was dropped 
in DSM-V and replaced with “presentations” to imply that AD/HD symptoms may vary across 
time.  
In retrospect, it seems that the development of the DSM representations of AD/HD 
reflected increasing knowledge about the disorder.  Indeed, contemporary research has moved 
beyond observing the disorder in a cross-sectional manner with a single dimension.  More recent 
research has focused more on the developmental trajectory and the heterogeneous features of 
AD/HD, integrating concepts such as chronic and pervasive influences, onset age, and dominating 
presentations.  These developmental and heterogeneous research perspectives offer more 
possibility for the DSM to change in the future; in response to increased empirical understanding 
of how the presentations vary across time and whether there are more accurate dimensions to 
define AD/HD presentations.   
1.2 AD/HD Prevalence and impairments 
Early studies looking at the prevalence of AD/HD reported quite inconsistent results, with 
estimates ranging from 2.4% to 19.8% (Faraone, Sergeant, Gillberg, & Biederman, 2003).  The 
first worldwide comprehensive review of the prevalence of AD/HD was conducted in 2007 
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(Polanczyk, de Lima, Horta, Biederman, & Rohde, 2007), and indicated that the earlier varied 
findings resulted from methodological differences between the studies rather than cultural or 
environmental factors.  An estimated 5.29% worldwide-pooled prevalence was reported.  A 
subsequent review confirmed the finding that AD/HD is not a cultural product and that the 
worldwide prevalence ranged from 5.9% to 7.1% (Willcutt, 2012).  Further, it was concluded that 
there was a similar prevalence of AD/HD in adults, and that the inattentive subtype was the most 
common subtype (Willcutt, 2012).  
Another concern related to prevalence is whether the number of children diagnosed with 
AD/HD is increasing over time (Polanczyk, Willcut, Salum, Kieling, & Rohde, 2014).  Factors 
such as increasing awareness about, and pharmaceutical industries promotion of, the disorder were 
seen as factors affecting prevalence to increase.  In a review of studies over the past three decades, 
it was concluded that there was an apparent increase in prevalence over time but that the increases 
could be explained by methodological differences and that the real prevalence remains similar 
(Polanczyk et al., 2014).  It remains to be seen whether changes in the diagnosis of AD/HD in 
DSM-V lead to increases in the prevalence of the disorder, as has been suggested (e.g. Sibley, 
Waxmonsky, Robb, & Pelham, 2013).   
AD/HD is a neurodevelopmental disorder with childhood-onset and pervasive influence.  
Impairments are often shown in a range of developmental functions such as adaptive functioning, 
motor coordination, language ability, and self-perceptions (Barkley, 2015).  These developmental 
difficulties hinder the academic performance of children with AD/HD compared to typically-
developing peers, and also hamper their social interaction with peers and family members (Barkley, 
2015).  Along with these difficulties, children with AD/HD have a significantly elevated risk for 
academic underachievement, family conflict, antisocial activities, and substance use (Barkley, 
2015).  Followed into adulthood, individuals with AD/HD usually experience severely 
compromised quality of life (Wehmeier, Schacht, & Barkley, 2010). 
1.3 AD/HD Models 
A wide range of perspectives have been provided to model the behaviour and abnormalities 
of AD/HD.  The models reviewed here are those inferred from behavioural or neurological 
observations in humans.  Although focusing on different aspects to explain the disorder, the 
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reviewed models can be classified into two types: single-factor models or multiple-factor models.  
Assumptions about AD/HD’s aetiology differ between the two types of models (Nigg, 2005); 
single-factor models assume an aetiological homogeneity whereas multiple-factor models adopt a 
heterogeneous perspective to explain the disorder. 
1.3.1 Single-factor models 
1.3.1.1 The hypo-arousal model  
The hypo-arousal model attributes AD/HD symptoms to under-arousal of the CNS 
(Satterfield & Cantwell, 1974).  The model is supported by comparisons of children with AD/HD 
to healthy controls on measures of CNS arousal such as skin conductance level (SCL), resting-
state electroencephalograph (RS-EEG), and positron emission tomography (PET).  Normative 
research has indicated that SCL is positively related to arousal level (Satterfield & Cantwell, 1974).  
Compared to healthy controls, children with AD/HD showed reduced SCL which indicates a lower 
arousal level (Satterfield & Cantwell, 1974; Broyd et al., 2005).  In RS-EEG studies, the majority 
of children with AD/HD show reduced fast-wave brain activity and increased slow-wave brain 
activity (Barry, Clarke, & Johnstone, 2003; Barry & Clarke, 2009).  This RS-EEG pattern is 
similar to situations in which the CNS is at a low level of arousal (Barry et al., 2003).  PET 
provides evidence of CNS under-arousal in terms of cerebral glucose metabolism (Zametkin et al., 
1990).  Participants with AD/HD show global and regional deceases in cerebral glucose 
metabolism (Zametkin et al., 1990). 
The hypo-arousal model is helpful in understanding the efficacious effects of stimulant 
medications and also the reason for overactivity in AD/HD.  As AD/HD symptoms are attributed 
to CNS under-arousal (Satterfield & Cantwell, 1974, Barry et al., 2003), stimulants that can 
increase CNS arousal level can in turn reduce AD/HD symptoms.  For example, it has been 
shown that the stimulant medication methylphenidate can ameliorate deficits in response inhibition 
in children with AD/HD (Broyd et al., 2005).  Moreover, the hypo-arousal model, together with 
other models, can provide an explanation for AD/HD symptoms.  Individuals tend to increase 
inattention and physical activity to seek stimulus input when CNS arousal is at a low level (Zentall 
& Zental, 1983).  As children with AD/HD have a lower CNS level (Satterfield & Cantwell, 
1974), thus the inattention and overactivity may be understood as a strategy to enhance arousal 
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level (Zentall & Zental, 1983).  In other words, the inattention and overactivity are a kind of 
compensation to self-modulate arousal (Zentall & Zental, 1983). 
Although indicating a single cause of deficits, the hypo-arousal model also acknowledges 
the heterogeneous aetiologies in AD/HD population (Satterfield & Cantwell, 1974); however, the 
model does not specify account for children with AD/HD without an arousal issue. 
1.3.1.2 The executive dysfunction model 
The executive dysfunction model (Barkley, 1997) has had a great impact on AD/HD 
research.  The model provides a comprehensive account of the behavioural deficits in AD/HD in 
terms of executive functions (EFs).  EFs are neurologically rooted in the prefrontal cortex (PFC) 
and play a crucial role in goal-oriented behaviours (Fuster, 1991).  The executive dysfunction 
model describes a hierarchical structure in which behavioural inhibition is central to EFs and is 
subserved by four functions including working memory, self-regulation, internalisation of speech, 
and reconstitution.  The model is supported by findings that children with AD/HD show deficits 
in the different components of EF (Barkley, 1997; Nigg, 2000).  In support, many imaging studies 
have reported that the activation and volume of the PFC are abnormal in AD/HD (Barkley, 2015).  
This model provides a systematic account of past behavioural findings and a series of predictions 
to identify the neurological deficits in AD/HD. 
However, there are a range of findings are in contradiction to the model.  The model is 
challenged by studies indicating that not all children with AD/HD show deficits in EF (Nigg, 
Willcutt, Doyle, & Sonuga-Barke, 2005).  A meta-analysis reported only a moderate effect size 
for the difference in EFs between children with AD/HD and healthy controls (Willcult, Doyle, 
Nigg, Faraone, & Pennington, 2005).  Moreover, some behavioural features of AD/HD cannot be 
explained by the model (Nigg et al., 2005); for example, the common observation that children 
with AD/HD prefer small and immediate rewards to large and delayed rewards (Sonuga-Barke, 
2005), which indicates that children with AD/HD also have motivation-related deficits beyond 
executive dysfunction.  
It should be noted that recent progress in normative EF research may have implications for 
the executive dysfunction model of AD/HD.  While the dysfunction model considers EF as a 
unifying structure, this may not be the most appropriate way to explain EF (Miyake et al., 2000).  
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Recently, a unifying and diversifying perspective on EF has been developed (Miyake et al., 2000; 
Miyake & Friedman, 2012).  Using factor analysis, empirical evidence supported that: (1) EF is 
a concept containing multiple components; (2) inhibition is a common factor in different 
components; and (3) two specific factors relate to memory updating and task switching (Miyake 
& Friedman, 2012).  Compared to the EF structure put forward by Barkley (1997), the unifying 
and diversifying model recognises the importance of updating and switching functions.  
Moreover, inhibition as a core function in the unifying and diversifying model refers to broader 
abilities than response inhibition alone.  For example, a recent model suggests that inhibition can 
be also understood as the ability to actively maintain goal-related information (Munakata et al., 
2011).  To date there has not been a systematic comparison of EF between children with AD/HD 
and healthy controls using the unifying and diversifying framework.  
1.3.2 Multi-factor Models  
1.3.2.1 The cognitive-energetic model  
The cognitive-energetic model (CEM) was originally put forward to explain information 
processing (Sander, 1983), and was subsequently adopted to account for deficits seen in AD/HD 
(Sergeant, 2000; 2005).  In this model, task performance is determined by factors over three 
levels, and their interactions.  Level 1 (motor factors) includes factors at the behavioural level 
such as “stimulus extraction” and “response choice”.  Level 2 (energetic pools) includes “arousal” 
and “effort” which is a resource pool that can be mobilised to mediate factors in level 1.  EF is at 
the highest level, and can mediate factors in the lower levels.   
The CEM allows consideration of the aetiology of AD/HD from a heterogeneous 
perspective.  The model proposes that, AD/HD deficits may occur in any one of the three levels 
or in a combination of them (Sergeant, 2005).  The heterogeneous consideration enables the 
model to account for the hypo-arousal and the executive dysfunction issues in AD/HD, and also 
explain the motor dysfunction reported in some studies (Gillberg, 2003; Sergeant, 2005).  Also, 
given an “inverse U” shaped relationship between levels of energetic factors and behavioural 
performance, the CEM predicts a non-linear relationship between experimental manipulations 
such as arousal and task outcomes.  This feature can explain event-rate effects in AD/HD.  
Event-rate refers to the presentation rate of task stimuli has been shown to alter energetic factors 
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(Sander, 1983; Sergeant, 2005).  Children with AD/HD show poorest performance compared to 
controls when stimuli are presented at either a low or high event-rate (Sonuga-Barke, Wiersema, 
van der Meere, & Roeyers, 2010a). 
Although elaborating a multiple-level structure to account for different behavioural 
abnormalities of AD/HD, the CEM does not directly address the interplay among factors in the 
three levels in determining AD/HD symptoms (Sonuga-Barke et al., 2010a).  Also, the model has 
a methodological concern as there is no operational definition of the optimal energetic state, which 
may lead to some failure to testify the event-rate effect under predefined slow, medium, and fast 
rates (Benikos & Johnstone, 2009; Sonuga-Barke et al., 2010a). 
1.3.2.2 The dual-pathway model 
The dual-pathway model (DPM) indicates that two deficits contribute to AD/HD symptoms 
(Sonuga-Barke, 2003; 2005).  One deficit is in the long-term rewarding system, based on the 
findings that children with AD/HD usually prefer small and immediate rewards rather than large 
and delayed rewards (Sonuga-Barke, 2005).  The other deficit is impaired EF, which is regarded 
as a developmental consequence of the impaired rewarding system (Sonuga-Barke, 2005).  Daily 
activity that involves EFs are demanding and are considered a type of long-term reward task.  As 
the long-term reward system is impaired, children with AD/HD are averse to these types of tasks 
and will voluntarily reduce engagement in those tasks, and, as a consequence, over time EF ability 
will be remain immature and poor compared to age-matched healthy control children.  
Compared to the early executive dysfunction explanation, DPM puts forward a 
motivational factor.  However, to some degree, the motivation in DPM can also be a concept 
interchangeable with the energetic factors in CEM (Sonuga-Barke et al., 2010a).  For example, 
the immediate preference can be seen as a response of low energetic state, and the deficits when 
stimuli are presented at a slow even rate can be understood as the aversion of longer rewarding 
contexts.  A key point to disentangle two models is that, CEM predicts an inverse U shape 
relationship between the energetic levels and task performance in regards to the concept of optimal 
arousal whereas DPM predicts a linear relationship between the motivational factor and 
performance (Sonuga-Barke et al., 2010a).  However, relevant evidence is scarce for a further 
discussion.   
9 
 
1.3.3 Developmental models  
The abovementioned models were based primarily on cross-sectional studies, which 
focused more on explaining contributions to AD/HD symptoms and paid little attention to the 
developmental trajectory of the symptoms.  As AD/HD is regarded as a neurodevelopmental 
disorder, a fundamental question relates to whether AD/HD results from developmental lag or 
developmental deviation (Barry et al., 2003).  The developmental lag perspective posits that, 
compared to normal controls, children with AD/HD develop at a slower rate but can reach the same 
level at some point.  By contrast, the developmental deviation perspective assumes that children 
with AD/HD will suffer functional abnormalities across the lifespan.  
There is evidence supporting both developmental lag and deviation in AD/HD.  It has 
been reported that about one-third of children with AD/HD no longer experience symptoms in 
adulthood (e.g. Karam et al., 2015; Larsson, Dilshad, Lichtenstein, & Barker, 2011); findings 
which support developmental lag.  On the other hand, about two-thirds of patients continue to 
suffer symptoms throughout life (e.g. Karam et al., 2015; Larsson et al., 2011); findings which 
support developmental deviation.  However, note that the pattern of symptoms for individuals 
who suffer into adulthood are not stable – the hyperactivity symptoms are not typically present in 
adulthood but the inattentive symptoms remain (APA, 2013).   
Thus, current empirical evidence suggests that AD/HD cannot be well explained as simply 
a developmental lag or deviation, and that a more complex model is warranted (Halperin & Healey, 
2011; Schmidt & Petermann, 2009).  A broader perspective is that AD/HD symptoms are initially 
caused by individual nature differences and can also be shaped by nurture factors.  For example, 
in a developmental model (Schmidt & Petermann, 2009), genetics, pregnancy, and social 
background are considered as predisposing factors of AD/HD symptoms. 
1.3.4 Summary and future studies 
Early single-deficit models are unable to account for the heterogeneity of presentation and 
symptoms in AD/HD.  Behavioural deficits such as the event rate effect and the immediate 
reward preference are not well accounted by single-factor models.   
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The heterogeneous features of AD/HD are also problematic for the existing models, with 
further investigation warranted.  Heterogeneity is found at different levels, such as the 
behavioural level (e.g. neuropsychological heterogeneity, Nigg et al, 2005) and physiological level 
(e.g. electroencephalograph heterogeneity, Clarke et al., 2011).  This raises an important question 
about the relationship between the heterogeneity shown at different levels.  It is reasonable to 
assume the behavioural heterogeneity has its roots at the physiological, neurobiological, or genetic 
level.  These important relationships have not been addressed in previous studies.  To gain a 
deeper understanding of the relationship between behaviours and neurobiological measures, 
statistical approaches such as mediator and moderator analysis may be useful in future studies 
(Harty, Sella, & Cohen, 2017).  
There are two major limitations to the above mentioned models of AD/HD. Firstly, recent 
reports of functional issues such as “timing” (the ability to perceive and represent time, van Hulst, 
de Zeeuw, & Durston, 2015; Sonuga-Barke, Bitsakou, & Thompson, 2010b) and emotion 
regulation (Sjowall, Roth, Lindqvist, & Thorell, 2013) are not easily attributed to motivational 
and/or EF deficits in AD/HD; additional theoretical dimensions may be required.  Secondly, 
while DPM proposes that there is a single initial deficit and that other dysfunction is a consequence 
of the interaction between the initial deficit and the environment, highlighting the role of learning 
in shaping AD/HD symptoms (Halperin & Healey, 2011), more longitudinal studies are required 
to build up a comprehensive model to explain behavioural abnormalities of AD/HD.   
1.4 RS-EEG in AD/HD  
Since AD/HD is recognised as a CNS disorder, research has focused heavily on examining 
CNS abnormalities in AD/HD and the link to symptoms.  One method of measuring brain 
electrical activity, RS-EEG, has been widely used and has provided many insights into CNS 
abnormalities in AD/HD. 
1.4.1 RS-EEG 
RS-EEG is a non-invasive electrophysiological method to record brain electrical activity.  
The activity recorded in RS-EEG represents the summation of inhibitory and excitatory 
postsynaptic potentials of synchronised neuron activity.  While RS-EEG has excellent temporal 
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resolution, it can have relatively poor spatial resolution as the signal recorded is the summation of 
electrophysiological activity from different brain areas. 
The first RS-EEG study was reported in the 1920s (Berger, 1929), with the signals recorded 
on paper and subject to simple qualitative analysis.  With technological advancements and digital 
recording capabilities, quantitative analysis was developed.  Compared to previous paper-based 
methods, quantitative RS-EEG has many advantages and provides objective and subtle methods 
to analyse brain activity.  By using Fourier transform, scalp RS-EEG activity recorded in the time 
domain can be transformed into a range of frequencies, referred to as frequency domain analysis.  
Frequency power, which is the square of the amplitude derived from RS-EEG recording, is the 
primary measure to quantify frequency activity.  Previous studies have shown that frequencies 
have characteristic bands and that activity within bands is correlated with different brain states 
(Andreassi, 2007).  For example, alpha activity ranges from 8 to 13 Hz and is the dominant 
activity when the brain is in a resting state (Andreassi, 2007).  Besides alpha band, commonly-
examined bands include delta (from 1.5 Hz to 3 Hz), theta (from 3 Hz to 8 Hz), and beta (from 13 
Hz to 25 Hz).  To quantify EEG activity, absolute power and relative power are frequently 
reported in studies.  Absolute power sums EEG activity within a band, whereas relative power 
averages EEG activity within a band.  As relative power is a linear transformation of absolute 
power, the two approaches will not yield different scalp distributions or results in group 
comparisons.  However, as absolute power is sensitive to the selection of band ranges, the time 
resolution of the frequency analysis, and some individual factors (Andreassi, 2007), absolute 
power may vary widely among studies.  Hence, relative power is widely used in current RS-EEG 
studies.     
1.4.2 RS-EEG in AD/HD 
The earliest RS-EEG research in children with AD/HD was conducted in the 1930s.  
While the diagnosis for AD/HD had not been established at that time, the behavioural pattern 
described was very similar to current AD/HD symptoms, and it was reported that those children 
showed excessive slow-wave brain activity (Jasper, Solomon, & Bradley, 1938).  Since the 
development of quantitative RS-EEG analysis, RS-EEG research into AD/HD has attracted great 
attention.  Most studies use frequency-based analyses to compare the brain activity between 
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children with AD/HD and age-matched healthy controls.  Reviews have indicated that children 
with AD/HD usually show more slow-wave (e.g. theta and delta) and less fast-wave (e.g. alpha 
and beta) brain activity under resting conditions (Barry et al., 2003; Loo & Makeig, 2012).   
RS-EEG abnormalities in AD/HD can be understood in different ways.  CNS hypo-
arousal is one influential explanation.  The hypo-arousal explanation was initially supported by 
the finding that the patients who showed a good response to stimulant medication had excessive 
theta activity (Satterfield & Cantwell, 1974); indicating a correlation between excessive slow-
wave and CNS under-arousal.  Besides, a significant RS-EEG feature in AD/HD is excessive 
theta activity accompanied by reduced beta activity.  In the normal population, dominant theta 
activity is usually related to a low arousal state and beta is usually related to a concentrated state 
(Andreassi, 2007).  Together, this pattern indicated hypo-arousal in AD/HD, and was further 
considered as the theta-to-beta ratio (TBR, Mann, Lubar, Zimmerman, Miler, & Muenchen, 1992).   
However, the RS-EEG studies only provide indirect evidence to support the hypo-arousal 
explanation.  As SCL is considered the “gold standard” measure of arousal, a subsequent study 
directly examined the relationship between RS-EEG measures and SCL in AD/HD (Barry, Clarke, 
Johnstone, McCarthy, & Selikowitz, 2009a).  In contrast to the arousal explanation of TBR, this 
study failed to confirm the connection between theta or TBR and SCL/arousal.  Thus, more 
sophisticated perspectives are needed to explain the increased TBR in children with AD/HD (Barry 
et al., 2009a).  Instead, alpha activity was negatively correlated with arousal in this study.  
However, according to a cluster analysis, not all children with AD/HD have reduced alpha activity 
(Clarke et al., 2011).  Together, these studies indicated that the hypo-arousal explanation may 
only partially account for RS-EEG abnormalities in AD/HD.  
RS-EEG abnormalities in AD/HD may also be explained from a developmental perspective.  
Form a normative perspective, as age increases it has been shown that slow-wave brain activity is 
reduced along with an increase in fast-wave activity (Barry & Clarke, 2009).  Thus, the pattern 
of increased slow-wave and reduced fast-wave activity may indicate a developmental delay in the 
CNS for children with AD/HD (Barry et al., 2003).  This perspective echoes findings from 
imaging studies indicating that children with AD/HD show immature brain structures (Shaw et al., 
2007).  A key question related to developmental delay is whether the abnormalities normalise 
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with age.  Studies have shown that the RS-EEG abnormalities related to delta, alpha, and beta 
activity may gradually reduce as age increases but that excessive theta activity remains (Barry & 
Clarke, 2009).  Thus, not all RS-EEG abnormalities in AD/HD can be attributed to developmental 
delay, and abnormalities such as excessive theta may be caused by developmental deviation.   
Recently, individual differences in RS-EEG profiles in children with AD/HD have been of 
interest.  As children with AD/HD show heterogeneous features of symptoms and cognitive 
functions, cluster analysis has been used to examine the presence of different RS-EEG profiles 
(e.g. Clarke et al., 2011; Loo, McGough, McCracken, & Smalley, 2017).  Results indicated that 
children with AD/HD can be conceptualised into distinct groups in terms of RS-EEG profiles; for 
example, increased TBR and beta groups (e.g. Clarke et al., 2011).  Also, different RS-EEG 
profiles have been related to individual differences in treatment response and cognitive functions 
(Loo et al., 2017).  Thus, RS-EEG heterogeneity is also being considered as a feature of AD/HD, 
and the idea of “RS-EEG-defined subgroups” has been promoted (Clarke et a., 2011; Loo et al., 
2017).  The understanding of the heterogeneity may further lead to a methodological change in 
exploring the meaning of RS-EEG abnormality in children with AD/HD.  Previous studies were 
mainly conducted at a group level; however, the RS-EEG heterogeneity may bias the results 
(Clarke et al., 2011).  As a result, future studies may consider clusters and/or adopt a subgroup 
perspective to understand the meaning of RS-EEG in children with AD/HD.         
1.4.3 Summary and future studies 
RS-EEG provides a method to objectively quantify CNS activity.  Different perspectives 
have been offered to understand the prominent RS-EEG feature in children with AD/HD; increased 
brain slow-wave activity and reduced fast-wave activity.  Moreover, as children with AD/HD 
show heterogeneous RS-EEG profiles, RS-EEG-based AD/HD subgroups an analyses are likely 
essential (Clarke et al., 2011; Loo et al., 2017) - which may provide a new dimension to categorise 
the AD/HD presentation and provide a new methodological perspective for understanding the RS-
EEG abnormalities of children with AD/HD.   
1.5 Treatments  
1.5.1 Medication treatments 
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The most recently published treatment guideline for AD/HD recommends medication 
therapies as first-line treatment (AAP, 2011).  Two types of medications – stimulants and non-
stimulants – show efficacy in treating AD/HD and are recommended (AAP, 2011).  The 
medications exert effects by altering CNS neurochemical environment - mainly changing 
dopamine and norepinephrine transmitters (Sharma & Couture, 2014).  Compared to non-
stimulants, stimulants have better efficacy and show more robust effects (Pliszka, 2007; Dopheide 
& Pliszka, 2009).  However, not all patients with AD/HD have a good response to stimulant-
based treatments (Spencer, Biederman, & Wilens, 2004; Waxmonsky, 2005), and non-stimulants 
are suggested as alternatives in these cases (Sharma & Couture, 2014).   
Several concerns have been expressed for medication therapies.  As medication effects 
are short in duration (e.g. 3-4 hours) (AAP, 2011), ongoing daily treatment is suggested with 
multiple ingestions/day, increasing the economic burden on AD/HD families and governments 
(Matza, Paramore & Prasad, 2005).  Moreover, medications have been shown to have no long-
term benefits in alleviating AD/HD symptoms (Sharma & Couture, 2014; Swanson et al., 2017).  
In addition, serious side-effects may be experienced as a result of taking stimulants such as appetite 
loss, sleep disturbance, sudden death, and suppression of adult height (Clavenna & Bonati, 2014; 
Swanson et al., 2017; Vitiello, 2008).  Further, some parents show concern and a conservative 
attitude toward choosing medication-based treatments (Berger, Dor, Nevo, & Goldzweig, 2008).  
1.5.2 Behavioural therapies  
Behavioural therapies have a historic root in the treatment of AD/HD as the symptoms were 
initially attributed to parental issues (Pelham, Wheeler & Chronis, 1998).  Traditional 
behavioural therapies include a range of interventions which attempt to re-shape behaviour by 
changing the physical and social environment (AAP, 2011).  The intervention effect is typically 
achieved by training parents, teacher, or peers to reward the child with AD/HD when desired 
behaviour is displayed (AAP, 2011). 
Research on the efficacy of behavioural therapies is mixed, possibly as a result of differing 
definitions of efficacy (Pelham & Fabiano, 2008).  A series of studies examining Multimodal 
Treatment of AD/HD (MTA), conducted by researchers from the National Institute of Mental 
Health (USA), systematically examined the efficacy of behavioural treatment and compared it to 
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the efficacy of stimulant treatments (MTA, 1999).  Outcomes indicated that, in terms of reducing 
AD/HD symptoms, stimulant medications were more efficacious than behavioural interventions.  
Also, stimulants combined with behavioural interventions did not provide additional benefits.  
Subsequent analysis examined broader outcome measures, indicating that the combined treatment 
showed advantages in parent- and teacher-rated outcomes; an effect which was moderated by 
comorbidity and parental attitudes (Jensen et al., 2001).  Similar conclusions were drawn in 
subsequent studies which indicated that behavioural interventions have advantages in improving 
functional outcomes (Pelham & Fabiano, 2008; Evans, Owens & Bunford, 2013) and that efficacy 
is moderated by factors such as comorbidity, parental psychopathology, and socioeconomic status 
(Chronis, Jones & Raggi, 2006). 
1.5.3 Cognitive and neurofeedback training 
Cognitive training (CT) and neurofeedback training (NFT) were developed with increasing 
understanding of AD/HD pathophysiology, and are regarded as new behavioural interventions 
(Sonuga-Barke et al., 2013).  In contrast to the traditional behavioural interventions based on 
behavioural modification, CT and NFT are specifically designed to improve the abilities on which 
children with AD/HD show deficits.  An underlying assumption is that the deficient abilities can 
be altered and improved by providing sufficient relevant training with reinforcement via a reward 
system.  In CT, intensive training may target psychological processes such as working memory 
and/or response inhibition.  The training tasks are modified versions of research paradigms 
shown to reliably activate the processes of interest.  In NFT, training tasks are designed to rectify 
abnormal EEG activity based on instrumental learning principles. 
The efficacy of CT and NFT are under investigation, and these approaches have not been 
included in current AD/HD treatment guidelines.  Although some reviews of the efficacy of these 
treatments showed promising results, there are still a range of issues to be addressed via more 
stringent experimental designs, such as using appropriate control groups to minimise placebo-type 
effects and implementing multiple measures to explore the transferability of training effects (Arns, 
Heinrich, & Strehl, 2014; Cortese et al., 2015; Shipstead, Redick, & Engle, 2012).  
1.5.4 Summary and future studies 
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AD/HD is recognised as a neurodevelopmental disorder, which implies that both neural 
and developmental factors contribute the disorder.  Medication therapies and behavioural 
interventions are considered primary treatments and target different aspects of the disorder.  
Medication therapies aim to tackle neural issues by changing neurotransmitter activity, whereas 
traditional behavioural therapies aim to deal with developmental problems by reinforcing desired 
behaviour.  Newer behavioural inventions, such as CT and NFT aim to rectify deficient cognitive 
processes and atypical neural activity.  However, dissimilar to medication therapies working at 
neurotransmitter level, CT and NFT directly act on the deficient ability which originates from 
abnormal neurotransmitter activity.   
Further studies are needed to optimise treatment guidelines.  For the new behavioural 
interventions, the efficacy should be examined with improvements made in research design (Arns 
et al., 2014; Cortese et al., 2015).  As different interventions may relieve AD/HD symptoms in 
different ways, multimodal treatments are suggested (AAP, 2011).  However, early research into 
combined interventions suggests that combined interventions may only work in certain 
circumstances. 
1.6 Research questions in this thesis 
The above review provides the broader context for the two primary research topics that are 
under investigation in this thesis.  More specific context is provided below, followed by 
information about the studies to be conducted.  
1.6.1 The diagnostic and prognostic value of RS-EEG in children with AD/HD 
RS-EEG differences between children with and without AD/HD have been considered as 
a potential objective diagnostic marker of AD/HD.  As early studies reported significant AD/HD 
versus control differences in TBR (Barry et al., 2003; Barry & Clarke, 2009; Snyder & Hall, 2006), 
this RS-EEG measure has been considered as a promising candidate biomarker for AD/HD 
(Faraone, Bonvicini, & Scassellati, 2014).  However, recent studies suggest that TBR may not be 
reliable as the value of TBR is increasing in healthy controls (Arns, Conners, & Kraemer, 2013).  
Hence, the first study will explore AD/HD versus control differences in TBR to address these 
points. 
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Another issue related to the diagnostic value of RS-EEG concerns the potential influence 
of the recording context.  When RS-EEG is recorded, other tests are usually completed by the 
child – indeed some of the assessment sessions can be several hours in duration.  In this context, 
factors such as the order of presentation of the range of tests, the duration of the individual tests, 
and the total duration of the assessment session are important and may interact with AD/HD status.  
For example, it has been shown that AD/HD status and order interact in influencing the 
measurement of theta activity and TBR (Kitsune et al., 2015).  Other studies in this and related 
areas are scarce.  During RS-EEG recording, participants are typically required to keep still for 
between 2 and 10 minutes with minimal stimulation – an environment that is similar to a waiting 
situation.  Behavioural studies have indicated that children show large variations in behaviour 
during waiting as a function of time (Alberts & Van der Meere, 1992; Imeraj et al., 2016).  Hence, 
the second study will consider the diagnostic value of RS-EEG with consideration of the influence 
of RS-EEG recording length; examining the interaction between AD/HD status and the recording 
length on RS-EEG measures. 
In addition to the use of RS-EEG for diagnostic purposes in AD/HD, a prognostic 
perspective has also been suggested (Arns, 2012; Olbrich, van Dinteren, & Arns, 2015).  The 
prognostic perspective is concerned with the value of RS-EEG after diagnosis; for example, it is 
known that children with AD/HD who show excessive theta have a better response to stimulant 
treatment (Arns, 2012).  RS-EEG recorded in a resting state reflects spontaneous brain activity.  
Based on recent finding in cognitive neuroscience, spontaneous brain activity may reveal crucial 
information about the way the brain responds to different tasks (Northoff, Duncan, & Hayes, 2010; 
Raichle, 2009).  In other words, spontaneous brain activity may have behavioural implications.  
Thus, the spontaneous brain activity measured by RS-EEG may provide insights into behavioural 
performance in children with AD/HD; this area has received little research attention to date.  
While some early explorations have been made (e.g. Clarke et al., 2011), more studies are needed 
to obtain a deeper understanding.  
As the results of the first study suggested the relationship between task performance and 
an important RS-EEG index, TBR, and the second study indicated the importance of RS-EEG 
recording duration, the third study examined whether children with AD/HD with elevated TBR 
had specific behavioural deficit compared to those without elevated TBR.  Furthermore, to extend 
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the relationship between RS-EEG measures and task performance, the fourth study is to 
systematically examine the relationship by using RS-EEG measures in eyes-open and eyes-closed 
conditions and to examine the role of another important measures of AD/HD research– arousal 
related RS-EEG measures – in the relationship.  
1.6.2 Non-pharmacological interventions  
The other part of interests in this thesis is to further explore the efficacy of non-
pharmacological interventions in children with AD/HD.  As above mentioned, interventions such 
as CT and NFT show promising results in treating AD/HD.  However, the efficacy of these non-
pharmacological interventions is questioned in regards to shortages in previous studies, for 
example lacking considerations in controlling the placebo effect and exploring the transfer effect.  
Moreover, as the AD/HD symptoms may result from different factors (Cortese et al., 2015; 
Sonuga-Barke et al., 2013), an approach that combines different non-pharmacological 
interventions may be better to relieve the symptoms.   
Hence, an intervention is to be conducted as the fifth study in this thesis.  The study is 
designed in terms of reducing the influence of non-experimental factors on results.  Drawing on 
findings from the earlier studies in this thesis, the primary aim of this study is to examine if training 
RS-EEG and cognitive factors can generate broadly beneficial outcomes.  Accordingly, different 
training protocols will be compared (CT, RS-EEG NFT, and combined cognitive and 
neurofeedback training) with consideration of differential near- and far-transfer outcomes.  This 
study provides an example of the translation of fundamental research on RS-EEG and cognitive 
factors in AD/HD into the intervention domain in terms of the processes that are targeted by the 
intervention and also the monitoring of treatment outcomes. 
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CHAPTER 2: Electroencephalogram Theta/Beta Ratio and Spectral Power Correlates of 
Executive Functions in Children and Adolescents with AD/HD 
 
A version of this chapter has been published in the Journal of Attention Disorders: 
Zhang, D.W., Li, H., Wu, Z., Zhao, Q., Song, Y., Liu, L., Qian, Q., Wang, Y., Roodenrys, 
S., Johnstone, S. J., De Blasio, F. & Sun, L. (2017). EEG theta/beta ratio and spectral 
power correlates of executive functions in children and adolescents with AD/HD. Journal 
of Attention Disorders. doi 10.1177/1087054717718263. 
 
Abstract 
The electroencephalogram (EEG) has been widely used in AD/HD research. The current 
study firstly aimed to replicate a recent trend related to EEG theta/beta ratio (TBR) in children and 
adolescents. Also, the study aimed to examine the value of resting EEG activity as biomarkers for 
executive function (EF) in participants with AD/HD. Method: Fifty-three participants with AD/HD 
and 37 healthy controls were recruited. Resting EEG was recorded with eyes closed. Participants 
with AD/HD additionally completed EF tasks via the Cambridge Neuropsychological Test 
Automated Battery. Results: TBR did not differ between groups; however, TBR was positively 
correlated with inattentive symptoms in AD/HD. Other correlations were found between EEG 
activity and neuropsychological functions including spatial planning and decision making in the 
AD/HD group. Conclusion: The results do not support the diagnostic value of TBR. Instead, given 
the heterogeneous features, the results support the prognostic value of EEG in AD/HD. 
2.1 Introduction 
AD/HD is one of the most common neurodevelopmental disorders in the Diagnostic and 
Statistical Manual of Mental Disorders (4th ed.; DSM-IV; American Psychiatric Association 
[APA], 1994) among children, and involves pervasive symptoms of inattention, hyperactivity, and 
impulsivity (APA, 2000). AD/HD is estimated to have a 5.29% worldwide prevalence (Polanczyk 
et al., 2007). The disorder often causes functional impairments such as academic, family, and social 
problems. It can also increase the risk of other psychiatric disorders (Biederman & Faraone, 2005). 
As it often begins in early childhood, AD/HD is commonly regarded as a childhood disorder. 
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However, it has been shown that approximately two thirds of those diagnosed in childhood still 
meet AD/HD criteria in adulthood, leading to long-term negative effects for individuals (Karam et 
al., 2015). 
The electroencephalogram (EEG) allows measurement of brain electrical activity and has 
been used in AD/HD research for decades (for a historical review, see Barry, Clarke, & Johnstone, 
2003) revealing several abnormalities in those with AD/HD compared to healthy controls (Barry 
& Clarke, 2009). The most commonly used EEG analysis method is spectral power analysis in 
which the raw EEG is decomposed into different frequency bands. In childhood, compared to 
healthy controls, research typically reports that children with AD/HD have increased power in 
slow wave bands (e.g., absolute theta and delta, and relative theta) and reduced power in fast wave 
bands (e.g., relative alpha and beta) (Barry et al., 2003; Chabot & Serfontein, 1996). Together, this 
pattern leads to elevated theta/beta and theta/alpha ratios (Snyder & Hall, 2006; Snyder et al., 
2008). As age increases toward adolescence, the EEG of children with AD/HD shows a typical 
developmental pattern but the differences remain—that is, increased slow wave and reduced faster 
wave activity (Barry & Clarke, 2009; Bresnahan, Anderson, & Barry, 1999; Clarke, Barry, 
McCarthy, & Selikowitz, 2001a). In adulthood, the group differences in fast waves are typically 
absent, whereas the differences in slower wave activity remain (Barry & Clarke, 2009; Bresnahan 
& Barry, 2002). 
Among the observations using EEG, increased theta/beta ratio (TBR) in children with 
AD/HD has been considered to be a robust and reliable group difference. Indeed, the U.S. Food 
and Drug Administration (2013) approved the utilization of theta/beta ratio to aid assessment of 
AD/HD. However, the use of this ratio in aiding diagnosis is debated. A systematic review revealed 
that the year of publication had a substantial influence on the reported group difference (Arns et 
al., 2013). In contrast to earlier findings, recent studies did not find a difference in TBR between 
groups (Loo et al., 2013; Ogrim, Kropotov, & Hestad, 2012); a result mainly caused by that the 
TBR is increasing in healthy control groups (Arns et al., 2013). In addition, age may be a factor 
that moderates the effect. A study compared TBR between participants with AD/HD and healthy 
controls in children and adults, and reported that TBR differed in adults but not in children (Loo 
et al., 2013). However, further studies are needed as the adult controls were the parents of children 
with AD/HD in this study. Together, these recent findings suggest that the TBR may not be a 
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reliable marker of AD/HD, and that an age effect exists—the difference may be more obvious in 
older groups. As a result, concerns about the diagnostic value of TBR are increasing (Arns et al., 
2013; Lenartowicz & Loo, 2014; Saad, Kohn, Clarke, Lagopoulos, & Hermens, 2015) and more 
studies are needed to address the issue. Thus, in the current study, we firstly aimed to compare the 
TBR of AD/HD participants with healthy controls to determine whether TBR differs between 
groups. Participants were further classified into a child group and an adolescent group to determine 
whether the difference in TBR changes with age. 
The relationship between EEG and behavior/symptoms is another important issue related 
to AD/HD (e.g., Barry et al., 2009a; Clarke et al., 2011). The most influential EEG model of 
AD/HD is the hypo-arousal model (Mann et al., 1992; Satterfield & Cantwell, 1974). The model 
proposes that abnormalities in EEG indicate central nervous system (CNS) under-arousal, which 
in turn causes behavioral deficiencies. The model can explain the deficit in alpha in AD/HD 
population (Barry, Clarke, Johnstone, & Rushby, 2008; Barry et al., 2004; van Dongen-Boomsma 
et al., 2010); however, empirical results have shown that differences in beta (Clarke et al., 2013) 
and TBR (Barry et al., 2009a) in the AD/HD population cannot be explained in terms of arousal. 
Hence the model, attributing all CNS abnormalities to arousal issues, was too simplistic and the 
pattern of EEG differences between groups may indicate separate CNS issues (Clarke et al., 2013). 
Some studies have explored EEG in terms of AD/HD symptoms but the results are inconsistent. 
In a large sample, TBR was positively correlated with inattention symptoms in children, but 
negatively correlated in adults with AD/HD (Loo et al., 2013). This finding is in contrast to a study 
in which TBR in children was not correlated with inattention but theta was positively correlated 
with inattention (Ogrim et al., 2012). A correlation between theta and inattention was also reported 
by Clarke et al. (2011); however, in their study TBR was significantly correlated to 
hyperactivity/impulsivity symptoms rather than inattention in boys with AD/HD. Overall, further 
studies are needed to clarify the behavioral meaning of EEG activity in AD/HD. 
New functional insights are emerging from recent studies which examine the behavioral 
implications of the brain’s spontaneous resting activity. The brain’s resting state refers to the state 
where individuals are awake but not performing any task; this is significantly different to a sleep 
state (Larson-Prior et al., 2011). The nontask-specific “idling” EEG activity, which was previously 
regarded as relatively meaningless, is increasingly considered as being as informative as neural 
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activity when engaged in a task (Cabral, Kringelbach, & Deco, 2014; Raichle & Snyder, 2007). 
The relationship between resting state and task could potentially be an indicator of cognitive 
engagement/load or “work” (Cabral et al., 2014). This is supported by neuroimaging studies which 
reveal that the relationship between brain activation at rest and during tasks varies across tasks 
requiring lower- (Cox et al., 2010; Garrett, Kovacevic, McIntosh, & Grady, 2011; Koyama et al., 
2011; Wang et al., 2010) and higher order cognitive process (Reineberg, Andrews-Hanna, Depue, 
Friedman, & Banich, 2015). In this context, it has been proposed that behavioral deficits in AD/HD 
may stem from an abnormal brain resting state (Castellanos & Proal, 2012; Sonuga-Barke & 
Castellanos, 2007). 
To date, little research exists on the association between resting EEG and task performance 
in the AD/HD population. In the limited studies that do exist, most have explored the issue in terms 
of low-level cognitive tasks, for example, theta activity was related to performance in a Continuous 
Performance Task (Hermens et al., 2005; Shi et al., 2012) and an Oddball task (Hermens et al., 
2005). With regard to executive functions (EFs), research is rarer and less consistent. EF refers to 
a set of top-down processes that regulate other, lower level cognitive processes (Diamond, 2013). 
In several models, some behavioral abnormalities in AD/HD are thought to result from executive 
dysfunctions (e.g., Barkley, 1997; Sergeant, 2005; Sonuga-Barke, 2005). TBR has been related to 
response inhibition (a component of EF), as measured by the Go/Nogo task in children with 
AD/HD (Loo et al., 2013; van Dongen-Boomsma et al., 2010); however, the relationship was not 
found when a questionnaire was used to measure inhibition (Ogrim et al., 2012). The relationship 
between EEG and other components of EF has not been studied. Hence, the second aim of this 
study was to examine the relationship between EEG bands and multiple components of EF. 
Given the above literature review, it was predicted that: TBR in participants with AD/HD 
would differ from that of controls in adolescents whilst this may not be the case in children. 
Furthermore, based on the lack of directly relevant previous research, we will explore the 
correlations of EEG outcomes to AD/HD symptoms and task performance of EF in participants 
with AD/HD. 
2.2 Method 
2.2.1 Participants 
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The AD/HD participants were recruited between June 2014 and June 2015 at Peking 
University Sixth Hospital. They were assessed by experienced psychiatrists. All participants met 
the following inclusion criteria: (a) screened by the Clinical Diagnostic Interviewing Scales 
(Barkley, 1998), a structured clinical interview based on the DSM-IV; (b) no history of head trauma 
with loss of consciousness; (c) no history of neurological illness or other severe disease; (d) no 
history of psychiatric disorders described in the DSM-IV; (e) naive to any pharmacological 
treatment; and (f) an IQ higher than 80 on the Wechsler Intelligence Scale III for children. 
Fifty-three children (43 male, age range: 8-15 years, M = 11.24 years, SD = 2.15) with 
AD/HD were selected from 101 AD/HD cases in this study as they were aged from 8 to 15 years 
and had full neuropsychological testing reports. Thirty-two children with AD/HD were diagnosed 
with the predominantly inattentive type (ADHD-I) and 21 with the combined type (ADHD-C). 
Two age groups were formed: a child group ranging from 8 to 12 years and an adolescent group 
from 12 to 15 years. For children with AD/HD, 40 children were entered into the group analysis 
after balancing age and sex compared to controls. There were 24 participants in the child group 
(13 ADHD-I, 11 ADHD-C, 18 male, M = 10.20 years, SD = 0.70) and 16 (9 ADHD-I, 7 ADHD-
C, 12 male, M = 13.45 years, SD = 0.60) in the adolescent group. In the correlational analysis, all 
children with AD/HD were considered. 
Thirty-seven healthy controls (27 male, age range: 8-15 years, M = 12.09 years, SD = 1.68) 
participated in this study. There were 18 participants in the child group (14 male, M = 10.50 years, 
SD = 0.77) and 19 participants in the adolescent group (14 male, M = 13.60 years, SD = 0.38). 
Healthy controls were recruited from the hospital and local schools and were screened by the same 
psychiatrists with the same inclusion criteria applied but they did not meet the diagnostic criteria 
of AD/HD; they met less than four DSM-IV Inattention criteria and four DSM-IV 
Hyperactivity/Impulsivity criteria. 
2.2.2 Procedure 
Ethics approval was obtained from the Ethics Committee of Peking University Health 
Science Center and the University of Wollongong Human Research Ethics Committee. Informed 
consent was obtained from the parent or guardian of each participant prior to accessing any record 
or testing. 
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Participants were required to complete the testing protocol in 1 day. In the morning, 
participants were in a patient room accompanied by a psychiatrist. They completed psychometric 
assessments and the Cambridge Neuropsychological Test Automated Battery (CANTAB). These 
processes lasted about 2 hr. In the afternoon, resting EEG was recorded in a room which was free 
from distraction, with participants seated on a comfortable chair with dimmed lighting. This 
process lasted about 45 min. 
2.2.3 CANTAB 
CANTAB is a commercial computerized neuropsychological battery consisting of a wide 
range of cognitive tasks. Based on the research purpose of this study, five tasks related to EFs and 
deficiencies in AD/HD were used; see below. Each task contained several outcomes with the main 
measures reported here. 
The Stockings of Cambridge (SOC) task measures spatial planning. Three colored balls are 
displayed in a spatial pattern and participants are required to move the other set of balls to repeat 
the pattern. Outcomes reported are (a) problems solved in minimum moves (PSMM), (b) mean 
initial thinking time (ITT): the mean time taken before moving the ball, and (c) mean subsequent 
thinking time (STT): the mean time taken after the initial move. The task lasts for about 10 min. 
The Intra-Extra Dimensional Set Shift (IED) task measures cognitive flexibility. The task 
is similar to the Wisconsin Card Sorting test, and requires participants to learn a rule and then to 
shift from the well-learned rule to a new rule. Outcomes reported is stages completed (SC): the 
total number of successfully completed stages. The task lasts for about 7 min. 
The Stop Signal task (SST) measures response inhibition. The task firstly builds up a 
tendency for participants to make an A or B response, and on a small percentage (e.g., 25%) of 
trials, participants are required to inhibit the activated response after hearing a tone (which is 
presented at various times post-stimulus presentation; for example, 50 ms, 150 ms, and 300 ms). 
The primary outcome is stop signal reaction time (SSRT) which is an estimate of the time taken to 
inhibit the response. The task lasts for about 20 min. 
The Spatial Working Memory (SWM) task measures the visuospatial ability of working 
memory. Tokens are spatially hidden in the task and participants need to find the token by trying 
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different spatial locations. Outcomes include (a) between errors (BE): defined as revisiting the 
place in which a token has already been found, and (b) within errors (WE): defined as revisiting 
the place in which no token has already been found. 
The Cambridge Gambling Task (CGT) measures decision making. Participants are 
presented with 10 boxes which are red and blue, and are required to guess whether a yellow token 
is hidden in a red box or a blue box. Outcomes are (a) delay aversion (DA): participants score 
higher if they are unable or unwilling to wait, and (b) betting proportion (BP): the overall 
proportion of bets across trials. 
The SOC, IED, SST, and SWM tasks were used to measure differing components of EF. 
CGT was included as it measures decision making as a higher order function based on EF 
(Diamond, 2013). Full illustrations and demonstrations for each task are available in a review 
article (Chamberlain et al., 2011). 
2.2.4 EEG Recording and Pre-Processing 
Ten minutes of EEG was recorded in an eyes-closed resting condition. The recording was 
paused if the participant showed signs of fatigue or restlessness. The EEG was acquired using a 
128-channel system (HydroCel Geodesic Sensor Net, Electrical Geodesics, Inc., Eugene, OR). The 
impedance of all electrodes was less than 50 kΩ. All electrodes were physically referenced to Cz 
(fixed by the EGI system). The EEG was amplified with a band pass of 0.01 to 200 Hz, which was 
digitized online at a sampling rate of 1,000 Hz. The EGI data were converted to allow analysis 
using EEGLAB and Neuroscan software Version 4.3. 
Nineteen channels were selected based on the international 10-20 system. All channels 
were offline re-referenced to linked ears, and resampled at 256 Hz, filtered by a band-pass filter 
from 1 Hz to 70 Hz and a 50-Hz notch filter. Visual inspection was used to identify and exclude 
sections of EEG trace containing gross artifacts. The Independent Component Analysis function 
in EEGLAB (Delorme & Makeig, 2004) identified components related to eye and muscle 
movements and there were excluded; this is a semiautomatic process aided by a tool box in 
EEGLAB, ADJUST (Mognon, Jovicich, Bruzzone, & Buiatti, 2011). Then, in line with earlier 
resting EEG studies, the first 3 min were extracted from the artifact-free EEG data and were 
segmented into 4-s epochs. These epochs were Fourier transformed using a Hamming window.  
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Summed EEG band power was calculated for four frequency bands: delta (1.5-3.5 Hz), theta (3.5-
7.5 Hz), alpha (7.5-12.5 Hz), and beta (12.5-25 Hz). The total power and relative power of four 
bands were used in the statistical analysis as these two indices are reliable to characterize EEG 
features in participants with AD/HD (Clarke et al., 2011). Relative power was calculated by 
dividing absolute power in each frequency band by the total of bands. 
2.2.5 Statistical Analysis 
ANOVAs with between-subjects factors of Age (child, adolescent) and Group (AD/HD, 
control) and within-subjects topographic factors of Lateral (left, midline, right) and Sagittal 
(frontal, central, posterior) were conducted for the theta/beta ratio, and separately for each 
frequency band in relative power. Topographic effects were examined using an established method 
(Clarke et al., 2001a). All electrodes were divided into nine regions: left frontal (F3, F7), midline 
frontal (Fz), right frontal (F4, F8), left central (T3, C3), midline central (Cz), right central (T4, C4), 
left posterior (T5, P3, O1), midline posterior (Pz), and right posterior (T6, P4, O2). The EEG data 
for each region were calculated by averaging all electrode(s) within the area. Planned contrasts 
were examined within the Sagittal and Lateral factors. Within the Sagittal factor, planned contrasts 
compared the frontal (F) and posterior regions (P), and the central region (C) with the mean of the 
frontal and posterior regions (F/P). Within the Lateral factor, the contrasts compared the left 
hemisphere (L) with the right (R), and the midline region (M) with the mean of the hemispheres 
(L/R). The contrasts are planned, and there are no more of them than the degrees of freedom for 
the effect, so no Bonferroni-type adjustment to α is required (Tabachnick & Fidell, 2007). 
To examine the influence of age and IQ on behavioral performance, partial correlations 
separately examined the relationships between EEG band power/percentage and scores from the 
AD/HD Rating Scale (ADHD-RS) and task performance measures from the CANTAB with age 
and IQ co-varied. Only the Sagittal factor was entered into analyses to reduce the number of 
correlations and the risk of Type 1 error from testing multiple correlations. The significance level 
for the correlations was adjusted to a more conservative .01; meanwhile, the significance close 
to .01 is also reported as this is a preliminary study (p ≤ .015). 
2.3 Results 
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Demographic information for the groups is shown in Table 1. The children with AD/HD 
and controls did not differ significantly in age. A main effect of Group was significant for IQ, and 
indicated that participants with AD/HD (M = 103.98, SD = 11.36) had a lower IQ than controls 
(M = 123.92, SD = 8.98), F = 70.44, p < .001, 𝜂𝑝
2 = 0.492. 
Table 1. Demographic Information for the AD/HD and Control Groups. 
 Child AD/HD Adolescent 
AD/HD 
Child control Adolescent 
control 
Gender 8 F; 16 M 4 F; 12 M 4 F; 14 M 5 F; 14 M 
Mean age in years 10.18 (0.70) 13.45 (0.60) 10.49 (0.77) 13.59 (0.38) 
WISC Full Scale IQ 104.42 (12.05) 103.31 (10.57) 121.89 (9.44) 125.84 (8.31) 
AD/HD combined type 11 7 — — 
AD/HD inattentive type 13 9 — — 
Note. Numbers in brackets represent standard deviation. WISC = Wechsler Intelligence Scale III for children. 
 
2.3.1 Delta 
Fig. 1 and Fig. 2 display brain maps for the two groups for relative power of each EEG 
band, TBR and total power. A Sagittal main effect and planned contrasts (linear: F = 132.178, p 
< .001, = 0.644; quadratic: F = 5.459, p = .022, 𝜂𝑝
2 = 0.070) indicated that delta was maximal in 
the fronto-central region. Main effects of Group (F = 7.501, p = .008, 𝜂𝑝
2 = 0.093) and Age (F = 
13.776, p < .001, 𝜂𝑝
2 = 0.159) indicated that children with AD/HD had globally increased delta 
power compared to controls, and that adolescents showed decreased delta power compared to 
children. An Age × Sagittal interaction (quadratic, F = 3.991, p = .049, 𝜂𝑝
2 = 0.058) revealed that 
the difference between C and F/P was larger in adolescents than children, indicating that the 
reduction with age was more obvious in frontal and posterior regions. 
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Fig. 1. Topographic maps for relative power (%), TBR, and total power (V2) for each level of 
Group (top panel), and each level of Age (bottom panel). Note. TBR = theta/beta ratio.  
 
2.3.2 Theta 
Laterally, theta was maximal in the midline region (quadratic: F = 77.421, p < .001, 𝜂𝑝
2 = 
0.515). The Sagittal main effect and planned contrasts (linear: F = 82.741, p < .001, 𝜂𝑝
2 = 0.531; 
quadratic: F = 187.985, p < .001, 𝜂𝑝
2 = 0.720) indicated a fronto-central distribution. A main effect 
of Age (F = 12.171, p = .001, 𝜂𝑝
2 = 0.143) indicated that theta decreased with increasing age. An 
Age × Group (F = 4.354, p = .040, 𝜂𝑝
2 = 0.056) interaction revealed that theta decreased more 
with age in the AD/HD group compared to controls. A Group × Age × Sagittal (linear) interaction 
(F = 4.305, p = .042, 𝜂𝑝
2 = 0.056) indicated the Age × Group interaction was less marked at frontal 
than posterior regions. This was mainly driven by the elevated theta power in frontal regions in the 
AD/HD group. 
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2.3.3 Alpha 
Fig. 2. Topographic maps for relative power (%), TBR, and total power (V2), for each level of 
Age and Group separately. Note. TBR = theta/beta ratio. 
 
The Sagittal effect and contrasts (linear: F = 126.853, p < .001, 𝜂𝑝
2 = 0.635; quadratic: F 
= 109.483, p < .001, 𝜂𝑝
2 = 0.600) revealed that alpha was maximal in the posterior region. Main 
effects of Group (F = 4.384, p = .040, 𝜂𝑝
2 = 0.057) and Age (F = 9.204, p = .003, 𝜂𝑝
2 = 0.112) 
indicated that children with AD/HD had globally decreased alpha, and that adolescents had 
increased alpha compared to children. An Age × Sagittal interaction (linear, F = 4.480, p = .038, 
𝜂𝑝
2 = 0.058) showed that the difference between F and Pwas larger in adolescents, an effect mainly 
driven by the larger increase in posterior regions in adolescents. 
 
2.3.4 Beta 
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Laterally, beta was maximal in the hemispheres compared to the midline (quadratic, F = 
192.912. p < .001, 𝜂𝑝
2  = 0.725). There was a central maximal distribution along the Sagittal 
dimension (quadratic, F = 32.260, p < 0.001, 𝜂𝑝
2 = 0.306). An Age main effect (F = 8.250, p = .005, 
𝜂𝑝
2 = 0.102) showed that beta was increased in adolescents compared to children. An Age × 
Sagittal interaction (linear, F = 10.850, p = .002, 𝜂𝑝
2 = 0.129) revealed that the difference between 
F and P was increased in the adolescent group with a larger increase in the posterior region. No 
Group effect or any interactions with Group were found. 
2.3.5 TBR 
TBR had a left-midline distribution along the Lateral dimension (linear: F = 5.519, p = .022, 
𝜂𝑝
2 = 0.070; quadratic: F = 141.927, p < .001, 𝜂𝑝
2 = 0.660). The Sagittal analysis (linear: F = 
24.426, p < .001, 𝜂𝑝
2 = 0.251; quadratic, F = 8.752, p = .004, 𝜂𝑝
2 = 0.107) indicated that TBR 
was maximal in the fronto-central region. An Age main effect (F = 12.219, p = .001, 𝜂𝑝
2 = 0.143) 
indicated that TBR decreased with age. An Age × Lateral interaction (quadratic, F = 7.064, p = .010, 
𝜂𝑝
2 = 0.088) indicated that the difference between M and L/R was reduced in adolescents, which 
is mainly caused by the larger reduction in the midline region. No Group effect or interaction with 
Group was found. 
2.3.6 Total Power 
A Sagittal main effect and planned contrasts (linear: F = 5.846, p = .018, 𝜂𝑝
2 = 0.075; 
quadratic: F = 13.176, p = .001, 𝜂𝑝
2 = 0.155) indicated that total power was maximal in central-
posterior regions. Total power was maximal in the middle line (quadratic, F = 84.153, p < .000, 
𝜂𝑝
2 = 0.539. An Age main effect (F = 9.049, p = .004, 𝜂𝑝
2 = 0.112) indicated that total power was 
decreased in adolescents compared to children. An Age × Sagittal interaction (linear, F = 7.709, p 
= .007, 𝜂𝑝
2 = 0.097) showed that the difference between F and P was larger in adolescents, the 
effect mainly caused by the larger reduction in the posterior region in adolescents. No Group effect 
or interaction with Group was found. 
2.3.7 Behavioral Correlates 
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Partial correlations were conducted among participants with AD/HD to analyze the 
relationship between EEG and the behavioral measures with age and IQ as covariates. The 
correlations are shown in Table 2. 
Table 2. Correlations Between EEG and Behavioral Measures. 
 Theta Beta TBR Total power 
Inattention 
ADHD-RS 
— F, r = .373 F, r = .411 — 
SOC 
STT 
C, r = .330 
P, r = .398 
— — — 
CGT 
BP 
— — — F, r = .360 
P, r = .347 
Note. EEG indices (Delta and Alpha) and behavioral measures (Hyperactivity-Impulsivity, IED, 
SST, and SWM) were not listed as no significant correlations were found for them. Regional 
abbreviation: F, frontal; C, central; P, posterior. EEG = electroencephalogram; TBR = theta/beta 
ratio; ADHD-RS = AD/HD Rating Scale; SOC = Stockings of Cambridge; STT = subsequent 
thinking time; CGT = Cambridge Gambling Task; BP = betting proportion; IED = Intra-Extra 
Dimensional Set Shift; SST = Stop Signal task; SWM = Spatial Working Memory. 
 
With regard to symptoms, the inattention score measured by the ADHD-RS was 
significantly correlated with frontal beta power (r = .304, p = .027), and frontal TBR ratio (r = .379, 
p = .005). No EEG outcome was related to hyperactivity and impulsivity measured by the ADHD-
RS. 
For EF, central (r = .330, p = .016) and posterior (r = .398, p = .003) theta power was 
positively correlated with STT in spatial planning (SOC); thus, increased frontal theta and posterior 
are related to a slower response. For decision making (CGT), frontal (r = .360, p = .008) and 
posterior (r = .347, p = .011) total power were positively related to the amount of betting behavior, 
indicating an increased total power accompanied greater risk taking behavior. No relationship was 
found with the shifting, response inhibition, and working memory tasks. 
2.4 Discussion 
The diagnostic value of TBR has recently been questioned in the literature. Research shows 
that the difference in TBR between participants with AD/HD and healthy controls has decreased 
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in recent years, and that age may affect the group difference. To investigate this further, the current 
study compared EEG spectral power, including TBR, between participants with AD/HD and 
healthy controls in child and adolescent groups. Moreover, we explored the relationship between 
resting EEG and a range of neuropsychological functions to further understand the behavioral 
relevance of brain resting activities. 
2.4.1 Relative and Total Power 
Previous studies report that, as age increases, higher frequency brain activity increases and 
lower frequency activity decreases, with decreased total power (Barry & Clarke, 2009). Consistent 
with previous results, the current study found reduced delta, theta, and total power, and increased 
alpha and beta in adolescents compared to children. With regard to the comparison between groups, 
participants with AD/HD showed more delta and less alpha, which is in line with past studies 
indicating that AD/HD is accompanied by increased slow wave activity and reduced faster activity 
(Barry & Clarke, 2009; Barry et al., 2003). The interaction between Group and Age for theta, 
which decreased slower in the AD/HD group than control group with increasing age, may indicate 
a developmental deviation. The result is in line with developmental EEG studies in which theta 
activity was still abnormal in adults with AD/HD whereas abnormalities in other bands approached 
normal levels (Barry & Clarke, 2009). 
Frontal beta and frontal TBR were associated with the inattention score measure of the 
ADHD-RS. These results are consistent with recent reports on adults with AD/HD. Roh et al. (2015) 
and Roh, Park, Shim, and Lee (2016) reported that inattention issues were linked to theta, beta, 
and also gamma activity. The multiple relationships between elements of the EEG and AD/HD 
symptoms fits well with comprehensive AD/HD models, such as Cognitive-Energetic Model 
(Sergeant, 2005) and multiple pathways model (Sonuga-Barke, 2005). These models commonly 
emphasize that different resources contribute to symptoms. 
The relationship of EEG to EF task performance was also examined in the AD/HD group, 
with correlations found with spatial planning and decision making. These results are in line with 
recent developments in cognitive neuroscience that examine behavioral relationships with brain 
resting activity. The interest stems from the perspective that brain resting activity has consistent 
networks across individuals and the networks are varied when relevant tasks are presented (Cabral 
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et al., 2014; Raichle & Snyder, 2007). The point was subsequently supported by imaging studies 
in which the resting networks were correlated with some attention and EF tasks (Cabral et al., 2014; 
Reineberg et al., 2015). Studies further classified the brain resting networks as “task-negative” or 
“task-positive.” The former refers to networks that are activated in resting state and will be 
decreased when tasks emerge, and the latter refer to other networks that are activated during rest 
but will be increased when tasks emerge (Cabral et al., 2014). In the present study, the resting state 
was measured by EEG, and correlations were found in AD/HD participants. To summarize (a) 
central and posterior relative theta was positively related to planning time; (b) frontal and posterior 
total absolute power were positively related to betting in decision making. 
2.4.2 TBR 
In the current study, TBR decreased with increasing age across groups, which is consistent 
with the developmental pattern revealed by other studies (Barry & Clarke, 2009). TBR did not 
differ between ADHD and control groups in either children or adolescents. This result contradicts 
early studies in which a significantly increased TBR was consistently observed in participants with 
AD/HD compared to healthy controls. In 2006, a meta-analysis reported that the effect size of the 
TBR group difference was 3.08 (Snyder & Hall, 2006). However, our results support a trend 
exposed by Arns et al. (2013) in which the effect size of the group difference was negatively related 
to the year of publication. This reduction was more obvious for the studies published after 2008. 
Consequently, two recent studies did not report a significant TBR difference between groups (Loo 
et al., 2013; Ogrim et al., 2012). In the current study, the lack of a group difference was replicated 
within two age-ranges (children: 8-12 years, adolescents: 12-15 years) in a Chinese population. 
Close inspection shows that the value of TBR is elevated in our controls whereas it remains similar 
in AD/HD group compared to previous studies, which supports the view that it is a change in 
controls over the years that has reduced the difference between groups (Arns et al., 2013). Arns et 
al. (2013) speculated that changes in living habits, such as decreasing sleep duration, may be 
responsible for this effect. As no data were recorded for sleep, this assumption cannot be examined 
in the current study. 
TBR was positively correlated to inattention symptoms. This result matches the studies that 
support the relationship between TBR and AD/HD symptoms in children (e.g., Loo et al., 2013). 
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The result is also in parallel with findings in the normal population. Putman, van Peer, Maimari, 
and van der Werff (2010) reported that higher frontal TBR was related to poorer attentional control 
and response inhibition performance. Although we did not find a relationship between TBR and 
response inhibition, this may be because of the difference in the task paradigms. A stop-signal task 
was used to measure response inhibition in the current study, while an emotional Go/Nogo task 
was used in the Putman study. However, the correlation between TBR and inattention is contrary 
to Ogrim et al. (2012) in which the relationship was not found, which may be attributed to 
methodological differences. The EEG was recorded under eyes-open condition and different 
frequency bands were used in our study compared to Ogrim et al. (2012). 
2.4.3 Implications and Future Studies 
Along with recent findings, our results do not support the diagnostic value of TBR among 
children with AD/HD (Arns et al., 2013; Lenartowicz & Loo, 2014). Given the age range of the 
present study (8-15 years), future studies may extend the findings to the later stage of adolescent. 
AD/HD symptoms are usually varied in children as compared to adults, with implications for EEG. 
The increasing ratio in controls over time is suggested to reduce the group difference (Arns et al., 
2013). Further studies may examine whether changes of lifestyle and habits in healthy control 
children is leading to the increasing TBR, as suggested by Arns et al. (2013). It should be noted 
that no healthy controls in this study had substantial inattention symptoms (they met less than four 
DSM-IV inattention criteria), which also raises a question whether TBR has the same behavioral 
meaning in AD/HD and healthy populations, given the result that TBR was positively related to 
inattention symptom in AD/HD. In addition, the heterogeneous nature of TBR in the AD/HD 
population may contribute to the lack of difference in TBR (Arns et al., 2013). According to a 
cluster analysis, 35% of the AD/HD population was characterized as having a higher TBR and the 
others showed different EEG deficit patterns (Clarke et al., 2011). 
The heterogeneous feature was not only found in EEG studies but also in 
neuropsychological research (Nigg et al., 2005). The neuropsychological deficits in AD/HD were 
initially explained as a core inhibitory deficit (Barkley, 1997). However, researchers subsequently 
found that not all participants with AD/HD showed inhibitory deficits (Willcutt, Doyle, Nigg, 
Faraone, & Pennington, 2005) and a neuropsychological AD/HD subtype was suggested (Nigg et 
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al., 2005). Given the neuropsychological correlations found in the current study, the heterogeneous 
EEG may be associated with the heterogeneous neuropsychological functions. In other words, 
individual differences in EEG may indicate differences in neuropsychological functions. It should 
be noted that spatial planning is regarded as a component of EF in CANTAB; however, planning 
ability, as decision making in the 3-component EF model, is considered a higher level cognitive 
function based on the three EF components (inhibition, shifting and working memory; Diamond, 
2013; Miyake et al., 2000). In this study, EEG outcomes (theta power and total power) are 
associated with spatial planning and betting in decision making but none of the EEG outcomes are 
related to response inhibition, shifting and working memory. Following the EF model, the resting 
EEG measures are indicative of two higher cognitive functions (planning and decision making) 
rather than EF in AD/HD. 
Practically, the behavioral correlations with EEG support the prognostic value of EEG in 
AD/HD. As EEG is doubtful in diagnosing AD/HD, a prognostic purpose is suggested for using 
EEG in AD/HD (Arns et al., 2013; Lenartowicz & Loo, 2014). The suggestion stems from the 
findings that EEG can predict the efficacy of stimulant treatment in patients with AD/HD (Arns, 
2012; Clarke, Barry, McCarthy, & Selikowitz, 2002a). Based on current results, EEG components 
may be used in a prognostic manner as indicators of neuropsychological functions. Theoretically, 
the correlations also support a neurobiological hypothesis in AD/HD (Castellanos & Proal, 2012; 
Sonuga-Barke & Castellanos, 2007). The hypothesis suggests the behavioral deficits in AD/HD 
are neurobiologically rooted in impaired spontaneous activities. Recently, Hsu, Benikos, and 
Sonuga-Barke (2015) and Hsu, Broyd, Helps, Benikos, and Sonuga-Barke (2013) reported that the 
resting state was linked to waiting-related behaviors in an AD/HD sample. Here, we have extended 
this to look at the relationship between resting state and EF and higher order cognitive functions. 
However, the current study used a different definition of resting state from that of Hsu and 
colleagues. Here, the resting state was defined in terms of traditional EEG spectrum bands. These 
bands have been shown to be activated in a similar pattern across individuals (Chen, Feng, Zhao, 
Yin, & Wang, 2008) and to relate to resting networks measured by functional magnetic resonance 
imaging (Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007). In comparison, Hsu et al. 
(2015) and Hsu et al. (2013) directly adopted a similar methodology to imaging studies and 
operationalized the resting state by measuring the EEG oscillation in a narrow band of ‘very low 
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frequency’ (below 0.2 Hz). Further studies may explore differences between these two ‘resting 
state’ measures in an AD/HD sample. 
2.4.4 Limitations 
A limitation of this study is that IQ in controls is higher than the AD/HD group and the 
typical population. Here, we followed a standard methodology that shows little influence of IQ in 
EEG group analyses (Barry et al., 2009; Clarke et al., 2006), and it would have been preferable to 
avoid such a difference. Also, given the preliminary nature of the behavioral correlational analysis 
in AD/HD, the neuropsychological functions were not recorded in the control groups and more 
information may have been obtained by comparing the behavioral correlations in the different 
groups. In addition, although CANTAB is a valid tool to measure a wide range of 
neuropsychological functions (Chamberlain et al., 2011), with regard to the complicated features 
of EF and higher order cognitive functions, measuring the functions by only one task in CANTAB 
leaves open the issue of task impurity (Diamond, 2013; Miyake et al., 2000). For example, the 
individual difference in response time on spatial planning may be caused by the variance on the 
lower order reaction process rather than on the planning per se. Factor analysis is accepted as a 
better way to extract the purer components (Miyake et al., 2000). Future studies may further 
explore the behavioral relationships of EEG by using factor analysis with a number of different 
tasks.  
2.5 Conclusion 
With recent debates on the diagnostic value of TBR in AD/HD, the aim of the current study 
was to compare TBR between AD/HD and control groups of children and adolescents. In line with 
recent studies, we did not find a group difference on TBR across the age range, which does not 
support the diagnostic value of TBR in AD/HD. However, inspired by recent findings in cognitive 
neuroscience, the current study explored the relationship between EEG spectral power and a range 
of neurophysiological tasks in participants with AD/HD. With the significant correlations, the 
results support the prognostic value of resting EEG which may be biomarkers of 
neuropsychological functions. 
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CHAPTER 3: Time effects on resting EEG in children with/without AD/HD 
Abstract 
In this study we extend on behavioural evidence to examine the effect of time on EEG 
measures related to arousal and emotion/motivation in children with/without AD/HD.  Thirty 
children with AD/HD and 30 age- and sex-matched controls participated.  EEG was recorded 
during an eyes-closed resting condition and divided into three 2.5 minute blocks after pre-
processing.  Time effects for absolute and relative alpha activity were found in healthy controls; 
these effects did not interact with AD/HD status. Interactions between time and AD/HD status 
were found for absolute theta, relative theta, and theta/beta ratio (TBR), with these EEG indices 
increasing over time in children with AD/HD.  Moreover, IQ played a role in the interaction 
between time and AD/HD status.  These results are consistent with predictions from both the 
optimal stimulation model and the delay aversion model, and suggest important methodological 
considerations for future EEG research in children with/without AD/HD 
3.1 Introduction 
Attention-deficit/Hyperactivity Disorder (AD/HD) is a common neurodevelopmental 
disorder characterized by inattention, hyperactivity, and impulsivity (APA, 2000).  The disorder 
often begins in early childhood and two-thirds of patients still show AD/HD symptoms in 
adulthood (Karam et al., 2015).  The electroencephalogram (EEG) has been used to quantify 
central nervous system (CNS) activity in the disorder for several decades (Barry et al., 2003).  
Previous EEG studies reveal that patients with AD/HD typically show more low frequency activity 
and less high frequency activity than matched healthy controls during a resting state condition 
(Barry & Clarke, 2009; Lenartowicz & Loo, 2014); and these findings have been conceptualised 
as representing hypo-arousal, a maturational lag, or a developmental deviation (Barry et al., 2003; 
Saad et al. 2015).  However, debate continues about whether AD/HD can be reliably detected by 
EEG, as inconsistent results have been reported; e.g. AD/HD-control differences in the theta/beta 
ratio (TBR, Arns et al., 2013).  Thus, EEG has not been regarded as a biological marker for the 
diagnosis of AD/HD (APA, 2013).    
Some factors are suggested to contribute to the inconsistent EEG results.  A significant 
feature of EEG in AD/HD is that the patients show heterogeneous EEG profiles (Clarke et al., 2011; 
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Loo et al., 2017).  With this inter-individual variability, EEG comparison at the group level may 
be confounded.  Moreover, patients with AD/HD often have comorbid issues, and these variations 
influence AD/HD vs. control EEG comparisons (Clarke et al., 2002; Loo et al., 2013).  Further, 
it has been suggested that habit changes in controls (e.g. sleep duration) may have resulted in 
changes from AD/HD-control EEG differences reported in early studies (Arns et al., 2013).   
More recently, EEG recording parameters have been considered as contributing to the 
inconsistent findings.  Kitsune et al. (2015) showed that the EEG recording context in relation to 
other experimental demands influenced AD/HD-control EEG differences.  This study suggests 
that the differences in EEG recording parameters between studies may contribute to the 
inconsistent findings and encourages further exploration. One such parameter is the duration of 
the EEG recording.  Research shows that a minimum of 60-seconds of artefact-free data can 
reliably quantify brain electrical activity for spectral power analysis (Thatcher, 2010).  In practice, 
typical recording lengths range from 2 to 5 minutes, and results from various recording durations 
are treated equally when compared between studies.  An important underlying assumption is that 
brain state is stable across the recording durations in typically developing and clinical children.   
However, behavioural findings from children in waiting situations indicate that this 
assumption – i.e. that brain activity is stable across time – may be violated.  During a resting EEG 
recording, the participant has no specific task and is required to keep stationary and remain alert 
in a quiet, stimulation-free environment.  This context is similar to a waiting task with no specific 
instructions or requirements in behavioural studies (e.g. Antrop et al., 2000, 2002).  The 
behavioural research indicates that when children are asked to wait for a period in a low-stimulus 
situation, they show overactive and inattentive behaviours (Zentall & Zentall, 1983; Antrop et al., 
2000; Antrop et al., 2005) which increases frequently over time (Alberts & Van der Meere, 1992; 
Imeraj et al., 2016).  Moreover, AD/HD status exacerbates these behaviours, with evidence from 
both laboratory situations (Antrop et al., 2000, 2002) and naturalistic observations (Antrop et al., 
2005; Imeraj et al., 2016).  Taken together, the behavioural research suggests that children show 
inappropriate behaviours in waiting situations, and the effect is moderated by time and AD/HD 
status.   
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The behaviours in waiting situations are suggested to have their roots in atypical CNS 
activity.  The optimal stimulation model attributes the overactive and inattentive behaviours in 
waiting situations to arousal level (Zentall, 1975; Zentall & Zentall, 1983).  According to this 
model, as sensory input and stimulation are reduced in waiting situations, CNS arousal level 
decreases over time.  Consequently, children perform excessive behaviours as a “compensation” 
for the decreasing arousal level (Zentall & Zentall, 1983; Antrop et al., 2000).  Children with 
AD/HD, who commonly show low CNS arousal, are more sensitive to the low stimulation level, 
and as a result, more overactive and inattentive behaviour is seen (Zentall & Zentall, 1983).  In 
addition, for waiting situations in which participants are required to stay still over a period, the 
model predicts that arousal will more rapidly decrease as no “compensation” is received over time; 
which also interacts with AD/HD status (Zentall & Zentall, 1983).   
An alternative explanation for the exacerbation of AD/HD symptoms in waiting situations 
is given in terms of motivation, via the delay aversion model (Sonuga-Barke, 2003, 2005).  Based 
on behavioural and imaging studies, the model hypothesizes in children with AD/HD a tendency 
to avoid delays as a result of impaired long-term reward systems.  The delay aversion in turn 
drives children with AD/HD to avoid or escape the situations in which there is no instant reward.  
The attempts to avoid or escape are behaviourally manifested as overactivity and inattention 
(Sonuga-Barke, 2005).  Following this perspective, the overactivity and inattention of children 
with AD/HD in waiting situations are attributed to motivational/emotional factors.  Moreover, for 
a waiting situation that restricts attempts to avoid and escape (e.g. keeping stationary) over time, 
the model predicts children with AD/HD will show an increasingly stronger 
motivational/emotional reaction.    
In the context of a resting EEG recording, participants are further instructed to stay as 
stationary as possible to reduce the influence of artifacts on the EEG traces.  In other words, the 
resting EEG recording context could be described as a waiting situation in which “compensation” 
and the attempts to avoid are further prohibited.  According to the optimal stimulation model and 
delay aversion model, brain activity related to arousal and motivation may be altered in children 
over time, with this effect moderated by AD/HD status.   
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As a tool to measure CNS activity, some EEG indices have been related to arousal level 
and motivational/emotional activity.  Skin conductance level (SCL) is considered as a gold 
standard measure of arousal level (Barry & Sokolov, 1993).  Research has indicated that SCL is 
negatively correlated with absolute alpha EEG activity (Barry et al., 2004).  The result has been 
replicated in different age ranges (Barry et al., 2007) and in a stimulant-modulation study (Barry 
et al., 2005).  Consequently, absolute alpha is regarded as an index to measure CNS arousal level 
(Barry et al. 2004).  For motivation/emotion, candidate measures in EEG are the slow waves such 
as delta and theta (Knyazev, 2007), particularly from reports that theta and delta activity vary in 
response to motivation/emotion related tasks (Knyazev et al., 2009; Womelsdorf et al., 2010).   
Combining the above-mentioned behavioural findings and their CNS explanations, it is 
expected that EEG measures of arousal in children will vary over time, and this effect will interact 
with AD/HD status.  Also, EEG measures related to motivation/emotion will be altered in 
children with AD/HD over time.  More specifically, it is predicted that: a) there will be a time 
effect on alpha activity in children during a resting EEG recording; b) this effect will be moderated 
by AD/HD status; and c) there will be a time effect on slow wave EEG in children with AD/HD. 
3.2 Method 
3.2.1 Participants 
Participants in the AD/HD group were selected from a database from the Institute of Mental 
Health at Peking University Sixth Hospital.  The database included 102 cases and all cases were 
assessed and diagnosed with AD/HD by experienced senior psychiatrists based on clinical 
observation and the results of the Clinical Diagnostic Interview Scale (CDIS, Barkley, 1998).  
The CDIS is a structured clinical interview based on the DSM-IV.  The mandarin version of CDIS, 
which shows good sensitivity and specificity (Yang, Wang, Qian, Biederman, & Faraone, 2004), 
was administered by a psychiatrist with the participants and their parents.  With the following 
inclusion criteria applied, thirty cases were selected from the database (25 males, age range 9-14 
years, M = 11.5 years, SD = 1.7).  The inclusion criteria included: 1) no comorbidity or history 
of psychiatric disorders described in the DSM-IV; 2) no history of head trauma with loss of 
consciousness; 3) no history of neurological illness or other severe disease; 4) naïve to any 
pharmacological treatment; 5) age ranging from 9 to 14; and 6) an IQ higher than 80 on the 
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Wechsler Intelligence Scale III for children.  Twenty one children with AD/HD were diagnosed 
with the predominantly inattentive type (ADHD-I) and 9 with the combined type (ADHD-C).   
Thirty healthy controls (25 males, age range 9-14 years, M = 11.9 years, SD = 1.5) were 
recruited from the hospital and local schools and were screened by the same psychiatrists using 
the same inclusion criteria.  Controls did not meet the diagnostic criteria for AD/HD (i.e. they 
met less than 4 DSM-IV Inattention criteria and less than 4 DSM-IV Hyperactivity/Impulsivity 
criteria).  
3.2.2 Procedure 
Ethical approval was obtained from the Ethics Committee of Peking University Health 
Science Center and the University of Wollongong Human Research Ethics Committee.  Informed 
consent was obtained from the parent or guardian of each participant prior to accessing any record 
or testing.  
Data were collected for this study on a separate day after the assessment and diagnostic 
session, with children required to complete an IQ test and neuropsychological tests accompanied 
by a psychiatrist in the morning, and resting EEG was recorded in the afternoon. This process 
lasted about 45 minutes. 
3.2.3 EEG recording and pre-processing 
The EEG was recorded in a room with dimmed lighting which was free from distraction.  
Participants were seated in a comfortable chair and were required to keep their eyes closed; the 
recording was paused if the participant showed restlessness.  EEG was recorded for between 7.5 
and 10 minutes.  The EEG was acquired using a 128-channel system (HydroCel Geodesic Sensor 
Net, Electrical Geodesics, Inc., Eugene, OR). The impedance of all electrodes was less than 50 kΩ. 
All electrodes were physically referenced to Cz (fixed by the EGI system) and offline re-referenced 
to linked mastoids. The EEG was amplified with a band pass filter of 0.01 to 200 Hz, and digitized 
on-line at a sampling rate of 1000 Hz.  The EGI data were converted to allow analysis using 
EEGLAB and Neuroscan software version 4.3. 
To follow previous research (e.g. Barry & Clarke, 2009), nineteen channels were selected 
based on the international 10-20 system and pre-processing steps were undertaken.  All channels 
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were re-sampled at 256 Hz, and band-pass filtered from 1 to 70 Hz with a 50 Hz notch filter.  
Periods of the EEG trace that were affected by gross artefacts were identified by visual inspection 
and were excluded.  The data then were subjected to an Independent Component Analysis in 
EEGLAB (Delorme & Makeig, 2004) to identify and exclude components related to eye and 
muscle movements; this is a semi-automatic process aided by the ADJUST tool box in EEGLAB 
(Mognon et al., 2011).   
Seven and a half minutes of artefact-free data were then extracted.  Given the research 
purpose, EEG traces were chronologically divided into 3 blocks.  Each block contained 2.5 
minutes of EEG data and was segmented into 4-second epochs. The epochs then were Fourier 
transformed using a Hamming window.  These epochs were Fourier transformed using a 
Hamming window, with EEG power obtained in four frequency bands: delta (1.5–3.5 Hz), theta 
(3.5–7.5 Hz), alpha (7.5–12.5 Hz), and beta (12.5–25 Hz).  Absolute power was calculated by 
summing the spectral power within each frequency band, and relative power was calculated by 
dividing absolute power in each frequency band by the total of the four bands. Also, the theta/beta 
ratio (TBR) was calculated as it is a measure of continued interest in AD/HD research.  
3.2.4 Statistical analysis 
The EEG data were subjected to mixed-design analyses of variance (ANOVAs) with Group 
(AD/HD, control) as a between-subjects factor and Time and Sagittal as within-subjects factors.  
The analyses were separately conducted for the each frequency band for both absolute/relative 
power and TBR.  The Time factor included 3 equal-length blocks (block 1 – T1, block 2 – T2, 
block 3 – T3).  To follow previous studies (e.g. Clarke et al., 2011) the Sagittal factor consisted 
of frontal (Fp1, Fp2, F3, F4, F7, F8, Fz), central (C3, C4, Cz, T3, T4), and posterior (T5, T6, P3, 
P4, Pz, O1, O2) regions.   
Planned contrasts were examined for the within-subjects factors.  To describe trends 
within the Time factor, planned polynomial contrasts were used.  Planned polynomial contrasts 
were also to examine EEG topography following previous studies (e.g. Clarke et al., 2006), with 
contrasts comparing frontal (F) and posterior regions (P), and central region (C) with the mean of 
the frontal and posterior regions (F/P).  As the contrasts are planned, and there are no more of 
them than the degrees of freedom for the effect, no Bonferroni-type adjustment to α is required 
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(Tabachnick & Fidell, 2007).  Sagittal effects are reported only for interactions with Group effects 
or Group x Time interactions. 
3.3 Results 
Demographic information for the AD/HD and control groups is listed in Table 3.  There 
was no significant age difference between groups.  The control group had a higher IQ than the 
AD/HD group (F = 46.112, p < 0.001).  Although previous research showed that IQ level did not 
contribute to AD/HD-control EEG differences (Clarke et al., 2006), a recent study suggests that 
there may be an interaction between IQ and recording contexts on the differences (Kitsune et al., 
2015).  Hence, analyses involving the Group factor were run first with IQ uncontrolled, in line 
with many previous studies (e.g. Barry, Clarke, Johnstone, McCarthy, & Selikowitz, 2009), and 
then the analyses were conducted with IQ as a covariate.    
The topographic maps for absolute power, relative power, and TBR for each Group over 
time are displayed in Fig. 3. 
 
Table 3 Demographic information for the groups. Numbers in brackets represent standard 
deviation.  
 
 
Gender Age IQ AD/HD 
subtype 
IN HI 
AD/HD 25 M; 5 F 11.5 (1.7) 105.6 (12.1) 21 I; 9 C 26.9 (3.6) 21.2 (6.2) 
Controls 25 M; 5 F 11.9 (1.5) 124.3 (8.9) - - - 
Note. IN and HI, the inattention score and the hyperactivity-impulsivity score in AD/HD Rating 
Scale. 
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Fig. 3. The topographic maps for absolute power (μV2), relative power (%), and TBR for each 
group over time.   
 
3.3.1 Time effects in healthy control children 
No Time main effects were found.  Near significant interactions between Time and 
Sagittal topography were found for absolute alpha power (T3 > T1 × P > F, F = 3.200, p = 0.079, 
𝜂𝑝
2 = 0.052) and relative alpha power (T3 > T1 × P > F, F = 3.832, p = 0.055, 𝜂𝑝
2 = 0.061).  A 
close inspection of the data indicated that alpha activity had a larger standard deviation in the 
AD/HD group, which may compromise the main effects.  Hence, to characterise the Time effects 
in typically-developing children without the influence of AD/HD status, the analysis was re-
conducted in only healthy controls.  A Time × Sagittal interaction was present for absolute alpha 
power (T3 > T1 × P > F, F = 5.290, p = 0.029, 𝜂𝑝
2 = 0.154) indicating a linear increase of absolute 
alpha in the posterior region (Fig. 2).  A similar interaction was present for relative alpha power 
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(T3 > T1 × P > F, F = 6.940, p = 0.013, 𝜂𝑝
2 = 0.193).  No effects were present for the other bands 
or TBR. 
3.3.2 Group main effects  
Compared to controls, children with AD/HD had more absolute delta (F = 4.992, p = 0.029, 
𝜂𝑝
2 = 0.079), more relative delta (F = 7.426, p = 0.008, 𝜂𝑝
2 = 0.105), and less relative alpha (F = 
4.623, p = 0.036, 𝜂𝑝
2 = 0.074).  No interactions with the Sagittal factor were found, indicating 
that these effects were global.  No effects were present for the other bands or TBR. 
3.3.3 Group × Time interaction effects 
A Group × Time interaction (AD/HD > control × T3 > T1, F = 4.416, p = 0.040, 𝜂𝑝
2 = 
0.071) indicated that absolute theta was slightly less at T3 than T1 for controls but was greater at 
T3 than T1 in the AD/HD group (Fig. 5).  A similar interaction was present for relative theta 
(AD/HD > control × T3 > T1, F = 6.161, p = 0.016, 𝜂𝑝
2 = 0.096) and indicated that relative theta 
was slightly less at T3 than T1 for controls but was greater at T3 than T1 in the AD/HD group (Fig. 
5).  The Group × Time interaction approached significance for TBR (AD/HD > control × T3 > 
T1, F = 3.615, p = 0.062, 𝜂𝑝
2 = 0.059) and indicated that TBR was slightly less at T3 than T1 for 
controls but was larger at T3 than T1 in the AD/HD group (Fig. 5).  No topographic effect was 
found for these interactions.  No interactions were present for the other bands. 
3.3.4 Group main effects with IQ controlled 
With IQ as a covariate, children with AD/HD still showed more absolute delta with 
marginal significance (F = 3.948, p = 0.052, 𝜂𝑝
2 = 0.065), more relative delta (F = 8.528, p = 
0.005, 𝜂𝑝
2 = 0.130), and less relative alpha (F = 4.159, p = 0.046, 𝜂𝑝
2 = 0.068). 
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Fig. 4. The Time × Sagittal interaction of absolute alpha power (left panel) and relative power 
(right panel) in the controls.   
 
 
 
Fig. 5. The Group × Time interactions of absolute theta power (top left panel), relative theta (top 
right panel), and TBR (bottom panel). 
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3.3.5 Group × Time effects with IQ controlled 
With IQ as a covariate, the Group × Time interactions for absolute theta (F = 3.444, p = 
0.069, 𝜂𝑝
2 = 0.057) and relative theta (F = 3.681, p = 0.060, 𝜂𝑝
2 = 0.061) only approached 
significance.  The interaction for TBR no longer approached significance (F = 0.547, p = 0.463, 
𝜂𝑝
2 = 0.010).   
3.4 Discussion 
The current study aimed to explore time effects in EEG spectral power recorded during 
resting conditions.  EEG data were divided into 3 equal-length blocks.  In light of behavioural 
findings under waiting situations, the current study predicted a time effect on alpha activity in 
children, which is moderated by AD/HD status.  Also, a Time x AD/HD status interaction was 
expected for low frequency activity.  
Compared to controls, children with AD/HD showed increased absolute delta, increased 
relative delta, and decreased relative alpha across the entire recording period.  The results are 
consistent with previous research indicating that children with AD/HD have increased slow wave 
and decreased fast wave activity (Barry & Clarke, 2009; Lenartowicz & Loo, 2014).  The 
pattern may indicate arousal and developmental deficits in children with AD/HD (Barry et al., 
2003; Saad et al., 2015).  
The current study showed the effects of time on absolute and relative alpha in typically 
developed children.  An increase of alpha activity was observed in this study.  Previous 
research reported that alpha activity is negatively correlated with CNS arousal level.  The 
inverse relationship was initially found in a study reporting that individuals with higher arousal 
level have a decreased alpha level (Barry et al., 2004).  The result was subsequently replicated 
by findings that absolute alpha is negatively correlated with SCL in different ages (Barry et al., 
2007), and also by a study indicating that absolute alpha is suppressed with the intake of caffeine 
(Barry et al., 2005).  Hence, the alpha activity increase reported here suggests that arousal level 
decreased over time in children.  
The alpha increase is consistent with the predictions of the optimal stimulation model.  
The model hypothesizes that individuals tend towards an optimal arousal level - which is the 
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peak zone in an inverse U-shape pattern relating arousal to comfort.  Also, the model describes 
the relationship between stimulus input and CNS arousal level – CNS arousal level increases 
with greater stimulus input and vice versa.  Stimulation modulation is the means to approach 
the optimal zone (Zentall, 1975; Zentall & Zentall, 1983).  With low sensory stimulus input, 
stimulus-seeking behaviours (e.g. overactivity) are performed as a compensatory process to 
increase arousal level; without the compensatory behaviours, arousal level continues to decline.  
In order to obtain relatively artifact-free data, participants are usually required to not move while 
sitting in a quiet EEG recording room alone.  In other words, the recording contexts are similar 
to waiting situations in which activity is further forbidden.  As predicted by the optimal 
stimulation model, the current study shows the measure related to arousal decreases in such a 
situation.   
Alpha varying as a function of time suggests that recording length should be considered 
when explaining alpha activity derived from a resting recording in children.  To our knowledge, 
this is the first study to show EEG time effects in an arousal related measure recorded in children 
during resting conditions.  The arousal decrease over time is in line with a preliminary analysis 
revealing a time effect on arousal measured by SCL (Barry et al., 2007).  Resting alpha activity 
is widely used in research with children, often being regarded as a baseline.  To obtain alpha 
activity immune to time effects, a minimum recording length that is long enough for quantifying 
data is recommended.  In cases where a lengthy recording is necessary, for example using both 
eyes-closed condition and eyes-open condition as baseline (Barry et al., 2009), a balanced design 
is suggested rather than a fixed order (e.g. eyes-closed data first, followed by eyes-open 
recording) to control the time effect.  Moreover, the context of resting EEG recording in fact 
represents a situation with low sensory input.  The results may also be applied for EEG 
recorded during tasks in which participants are instructed to continuously process repetitive and 
simple stimuli.  It also should be noted that children with AD/HD differed in the alpha increase 
over time as a larger standard deviation was shown in the AD/HD group.  One possible 
explanation is that some children with AD/HD were not “resting” in spite of being required to 
stay in rest and instead they may be in mind-wondering and/or fidgeting, which has an impact on 
arousal (Zentall, 1975; Zentall & Zentall, 1983).  Future studies may further explore this factor.  
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Inconsistent with our prediction, however, the time effect on alpha activity did not 
interact with AD/HD status.  According to the optimal stimulation model, children with AD/HD 
are more sensitive to situations with low stimulus input (Zentall, 1975; Zentall & Zentall, 1983), 
thus a greater decrease in arousal level would be expected over time.  The lack of interaction 
may be because other compensation, beyond large-muscle movements, was used in children with 
AD/HD.  Research using actigraphy devices has reported that children with AD/HD have 
excessive wrist- and ankle-related movements (Wood et al., 2009; Alderson et al., 2012; Gilbert 
et al., 2016).  These movements were not controlled here and may have been used as 
compensation to increase arousal in the AD/HD group.  An alternate explanation is the 
heterogeneous nature of AD/HD.  Prevailing models attribute the deficits of AD/HD to different 
sources (Sonuga-Barke, 2005; Sergeant, 2005; Castellanos et al., 2006).  Following this 
perspective, it is possible that not all children with AD/HD have a decreased arousal level, which 
is consistent with EEG findings that children with AD/HD show different profiles of alpha 
activity (Barry et al., 2003; Clarke et al., 2011).  Hence, an interaction between AD/HD status 
and the time effect may be found only in children with AD/HD who have the deficit of hypo-
arousal.  
There was an interaction between time and AD/HD status for theta activity – compared to 
healthy controls, children with AD/HD showed an increasing trend of relative and absolute theta 
over time.  As beta activity remained similar across time, the marginal significance for TBR 
increasing over time is likely driven by the theta increase.  The theta finding is in line with the 
prediction derived from the delay aversion model, as theta activity is associated with 
motivational and emotional activity.  A substantial number of studies report that theta activity is 
increased in the presence of emotional stimuli (Knyazev, 2007; Knyazev, et al. 2009; Uusberg et 
al., 2014) and in response to motivational activity (Knyazev, 2007) such as during approach 
behaviours (Walden et al., 2015).  From this perspective, the increased theta activity reported 
here may reflect the increasingly activated motivational/emotional cortical activity in children 
with AD/HD over time, which is consistent with the prediction of the delay aversion model.  
The model predicts that children with AD/HD have impaired long-term rewarding system and 
consequently avoid staying in situations without instant rewards (Sonuga-Barke, 2005).  Hence, 
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the long-period EEG recording in this study may act as a trigger that activates 
motivational/emotional response in children with AD/HD.   
Consistent with a previous study (Clarke et al., 2006), this study showed that the Group 
effect was not influenced by IQ.  However, with IQ controlled the previous significant Time x 
Group interactions for relative and absolute theta remained but reduced to a trend level, and a 
substantial influence was shown for TBR with the previously significant interaction trend 
disappearing.  These changes indicate that IQ interacted with the Time and AD/HD status had 
an influence on theta activity and TBR.  TBR has been suggested as a biomarker to differentiate 
AD/HD (Snyder & Hall, 2006); however, inconsistent results are reported (Arns et al., 2013).  
As children with AD/HD typically show lower IQ, this study suggests that IQ should be 
controlled when long period EEG data are analysed.  
Some of the issues emerging from the theta and TBR findings relate to differentiating 
children with AD/HD from controls.  EEG offers hope of objectively diagnosing AD/HD 
(Barry and Clarke 2009); however, inconsistent results have been reported, for example in theta 
and TBR (Arns et al., 2013; Barry & Clarke, 2009; Lenartowicz & Loo, 2014).  The current 
findings suggest that recording length together with IQ affects theta activity and consequently 
TBR.  Hence, the role of recording length interacting with IQ could be considered to reconcile 
the inconsistent results, as these factors were not strictly controlled in previous research.  
Meanwhile, this study also contributes to research considering the optimal recording situation to 
reveal AD/HD-control differences – raised by a recent study (Kitsune et al., 2015).  This current 
study suggests that the group differences for theta and TBR tend to enlarge when the groups are 
exposed to a long resting EEG recording.  In this case, the duration of the resting EEG 
recording is added as a factor to elicit the difference between the groups. 
The generalisability of this study is subject to certain limitations.  The 3 blocks were 
divided after raw EEG data had been screened to exclude artefacts-related EEG traces.  Hence, 
the 3 blocks do not necessarily exactly represent the first 2.5-minutes period, the second 2.5-
minutes period, and the third 2.5-minutes period.  In addition, although participants were 
instructed not to move and their activity was monitored, an additional uncontrolled aspect is that 
it is unknown whether children with AD/HD performed more fine motor activities, which may 
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be a compensation for the decreasing arousal as introduced above.  Moreover, theta activity in 
this study was explained based by the framework of its relationships with motivation/emotion 
(Knyazev, 2007).  However, theta activity may also reflect other internal processing such as 
working memory (Sauseng et al., 2010), which leads to the possibility that the theta increase is 
driven by processing other than motivation/emotion.  Thus, studies may further explore the 
mechanism of the theta increase. 
In conclusion, with the similarity between EEG recording contexts and waiting situations, 
this study examined time effects on EEG measures in children with/without AD/HD.  An effect 
of time on alpha activity was observed in children.  In addition, the effect of time on theta 
activity and TBR was moderated by AD/HD status.  Moreover, IQ played a role in the 
interaction between time and AD/HD status.  Overall, these findings have methodological 
implications for EEG research in children with/without AD/HD. 
3.5 Conclusion 
In conclusion, with the similarity between EEG recording contexts and waiting situations, 
this study examined time effects on EEG measures in children with/without AD/HD.  An effect 
of time on alpha activity was observed in children.  In addition, the effect of time on theta activity 
and TBR was moderated by AD/HD status.  Moreover, IQ played a role in the interaction between 
time and AD/HD status.  Overall, these findings have methodological implications for EEG 
research in children with/without AD/HD. 
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CHAPTER 4: Atypical interference control in children with AD/HD with elevated 
theta/beta ratio 
 
A version of this chapter has been published in Biological Psychology: 
Zhang, D.W., Roodenrys, S., Li, H., Barry, R. J., Clarke, A. R., Wu, Z., Zhao, Q., Song, 
Y., Liu, L., Qian, Q., Wang, Y., Johnstone, S. J. & Sun, L. (2017). A deficit of 
interference control in children with AD/HD having elevated theta/beta ratio. Biological 
Psychology, 128, 82-88. 
 
Abstract 
Theta/beta ratio (TBR) is a major area of interest within electroencephalogram (EEG) 
research in AD/HD.  While researchers suggest a prognostic role for TBR in AD/HD, its 
relationship to behaviour remains uncertain.  Recent evidence suggests that elevated TBR in 
AD/HD may be related to atypical inhibition, particularly at an attentional level.  This study 
aimed to examine the performance on three inhibitory tasks of children with AD/HD.  Fifty-eight 
children with AD/HD participated, further divided into an elevated TBR (ET) group and a control 
group (CT).  A behavioural disassociation was found – compared to CT, ET showed more 
difficulty in inhibiting surrounding stimuli but had less day-to-day inhibitory issues measured by 
BRIEF.  There was no significant group difference on response inhibition.  The results support 
the prognostic value of TBR in AD/HD.  Elevated TBR may be an inhibitory indicator; further 
studies are needed to explore the behavioural implications in patients without elevated TBR.  
4.1 Introduction 
Attention-deficit/hyperactivity disorder (AD/HD) is a common neurodevelopmental 
disorder with a worldwide prevalence around 5.29% (Polanczyk et al., 2007).  The 
electroencephalogram (EEG), as a non-invasive tool to measure brain electrical activity, has been 
frequently used in research to objectively reflect the abnormalities of AD/HD (Barry et al., 2003).  
Past studies have reported that patients with AD/HD showed increased slow-wave activity and 
reduced fast-wave activity compared to healthy controls, which results in a higher slow/fast wave 
ratio - commonly referred to as an elevated theta/beta ratio (TBR) (Barry & Clarke, 2009).  An 
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early meta-analysis demonstrated a large effect size for the AD/HD-control group difference on 
TBR (Snyder & Hall, 2006).  In 2013, the U.S. Food and Drug Administration (2013) approved 
the use of TBR to assist in the identification and diagnosis of AD/HD. 
However, the diagnostic value of TBR in AD/HD is controversial as recent studies have 
failed to replicate the group difference reported in earlier studies (Origm et al., 2012; Loo et al., 
2013; Arns et al., 2013).  Instead, researchers are proposing the use of TBR in AD/HD for a 
prognostic purpose (Arns et al., 2013; Lenartowicz & Loo, 2014).  From this perspective, while 
TBR does not reliably differentiate the patients from healthy controls, patients with elevated TBR 
show features differing to those without elevated TBR.  The argument is supported by the 
heterogeneous nature of TBR in AD/HD – about 35% of patients are estimated to have elevated 
TBR (Clarke et al., 2011).  In addition, the prognostic value is also supported by EEG-based 
medication studies in which patients with higher TBR responded better to stimulant treatment 
(Clarke et al., 2002a; Arns, 2012). 
One obstacle in using TBR for its prognostic value is to understand its behavioural meaning.  
The aberrant EEG activity in AD/HD was attributed to an arousal disorder in a prevailing EEG 
model of AD/HD, the hypo-arousal model (Satterfield & Cantwell, 1974; Mann et al., 1992).  In 
this model, the higher TBR in AD/HD was thought to reflect lower arousal compared to healthy 
controls.  However, the assumption was not supported in a study that did not find the relationship 
between TBR and arousal in children with AD/HD (Barry et al., 2009).   Instead, it was 
suggested that TBR in AD/HD may provide information about cognitive processing (Barry et al., 
2009).  However, it is uncertain which specific tasks/processes are related to TBR.  In 
subsequent studies, it was reported that inattentive symptoms correlated with fronto-central TBR 
in children with AD/HD (Loo et al., 2013).  Patients with higher TBR showed more severe 
inattentive issues (Loo et al., 2013).  These results suggest that TBR may be a marker of 
attentional processing, which is consistent with studies of TBR in the normal population (Putman 
et al., 2010 & 2014; Angelidis et al., 2016).  
In the normal population, Putman et al. (2010) explored the relationship between frontal 
TBR and inhibitory functions.  Inhibition was conceptualized at an attentional level (attention 
control, also known as interference control) and at a response level (response inhibition).  The 
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study revealed negative correlations between TBR and inhibition at two levels, the relationships 
that were further replicated in subsequent studies (e.g. Putman et al., 2014; Angelidis et al., 2016).  
In these studies, the participants with higher TBR performed worse on inhibitions involving 
attentional and response control.  As a result, TBR was considered a biomarker for inhibition 
(Putman et al., 2014; Angelidis et al., 2016).  These results suggest that children with AD/HD 
who have elevated frontal TBR may be in risk of inhibitory deficits both at attentional and at 
response level.  Following this explanation, the correlation between TBR and the inattention 
found in AD/HD research (Loo et al., 2013) may essentially reflect a weakness of 
attentional/interference and response control.  However, these assumptions have not been 
empirically addressed. 
Therefore, the current study aimed to explore whether elevated TBR is related to deficient 
inhibition in children with AD/HD.  As inhibition is a broad concept (Nigg, 2000; Diamond, 
2013), three types of inhibition found to be deficient in AD/HD were examined; interference 
control (IC), response inhibition (RI), and inhibition in daily life (IDL).  The first two terms are 
similar to those used in Putman (2010).  IC is a higher-order function of attention and plays an 
important role in top-down regulation, allowing individuals to preferentially process relevant 
stimuli and ignore irrelevant stimuli (Peterson and Posner, 2012).  In comparison to healthy 
controls, patients with AD/HD show poor performance in IC tasks (Mullane et al., 2009) and differ 
from controls on electrophysiological measures taken during task performance (Johnstone et al., 
2009; 2013).  In the laboratory, IC is frequently measured via a Flanker task.   
RI refers to the ability to stop an inappropriate pre-potent or ongoing movement (Aron et 
al., 2004).  A substantial proportion of the AD/HD population show deficits in RI (Willcutt et al., 
2005), and concurrent abnormal neural activity has been shown in electrophysiological (Dimoska 
et al., 2003; Johnstone et al., 2013) and neuroimaging studies (Aron & Poldrack, 2005).  The 
Stop-Signal task is frequently used to measure RI. 
IDL also measures the ability to control/stop inappropriate behaviours but the measurement 
is based on performance in daily life (Gioia et al., 2000).  While RI is usually measured by 
experimental computerized tasks, performance indices may only reflect pure inhibitory processes 
without the involvement of emotion and motivation, which is dissimilar to daily behaviours 
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(Barkley & Fischer, 2011; Barkley, 2013).  Thus, the outcomes may lack ecological validity 
(Barkley, 2013).  Here, IDL is introduced to measure inhibition in a social context, and 
measurement is typically via observation/questionnaires.  Past studies have reported that, 
compared to controls, children with AD/HD show poor inhibitory control as measured by IDL 
(McAuley et al., 2010; Barkley & Fischer, 2011).  
As variables such as TBR are quantitative in nature, proportion/median-based split is 
widely used to dichotomize continuous variables into categorical variables (MacCallum et al., 
2002; Decoster et al., 2009); for example see Barry et al. (2009).  The transformation allows 
researchers to better examine experimental hypotheses (Decoster et al., 2009; Iacbucci et al., 2015).  
However, a common concern is that the dichotomization may bias the results, and certain 
justifications should be given when using the method (MacCallum et al., 2002; Decoster et al., 
2009; Iacbucci et al., 2015).  One consideration is whether there is a theoretical justification for 
the cut point (Decoster et al., 2009).  In an AD/HD population, not all patients show elevated 
TBR (Arns et al., 2013); 35% of the patients are estimated to have elevated TBR compared to 
healthy controls (Clarke et al., 2011).  Therefore 35% will be the cut point to categorize an 
elevated TBR group or a control group here. 
The current study will explore whether AD/HD patients with or without high frontal TBR 
are differentiated on three inhibitory measures – IC, RI, and IDL.  We predict that patients with 
elevated TBR will perform worse on these inhibitory assessments. 
4.2 Method 
4.2.1 Participants 
 The participants were recruited at child psychiatric clinics of Peking University Sixth 
Hospital.  Clinical Diagnostic Interview Scale (CDIS), a structured clinical interview based on 
the DSM-IV, was conducted by psychiatrists with the participants and their parents.  Diagnosis 
was made by a senior psychiatrist based on clinical observation and the results of the CDIS. The 
mandarin version of CDIS was used and it shows good sensitivity and specificity (Yang et al., 
2004).  Fifty-eight children (49 male, age range 8-13 years, M = 10.21 years, SD = 1.49) 
participated in this study.  Thirty four children were diagnosed with the predominantly inattentive 
type (ADHD-I) and 1 of these was comorbid with Oppositional Defiant Disorder (ODD).  Twenty 
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four children were diagnosed with the combined type (ADHD-C); 4 of them were comorbid with 
ODD and 1 was comorbid with Tic disorder.  All participants had: 1) screening by the Clinical 
Diagnostic Interviewing Scales (Barkley, 1998); 2) no history of head trauma with loss of 
consciousness; 3) no history of other severe disease; 4) no history of other psychiatric disorders 
described in the DSM-IV; 5) no history of pharmacological treatment; and 6) an IQ higher than 80 
on the Wechsler Intelligence Scale III for children. 
4.2.2 Procedure  
Ethics approval was obtained from the University of Wollongong Human Research Ethics 
Committee (HE 15/085).  Informed consent was obtained from the parent or guardian of each 
participant prior to accessing any records or testing.  
Participants were required to complete the testing protocol in one day.  In the morning, 
participants were in a patient room accompanied by a psychiatrist.  They completed psychometric 
assessments and the Cambridge Neuropsychological Test Automated Battery (CANTAB) over 
about 2 hours.  In the afternoon, resting EEG was recorded in a room which was free from 
distraction, with participants seated on a comfortable chair with dimmed lighting.  After EEG 
recording, participants were required to complete a Flanker task.   The afternoon tasks lasted 
about 55 minutes. 
4.2.3 Inhibitory measures  
IC was measured by the Flanker task (Eriksen & Eriksen, 1974) programmed using E-
prime (Psychological Software Tools, Pittsburgh, PA).  The task stimuli and parameters followed 
Johnstone et al. (2009).  There were three trial types: congruent (e.g. <<<<< or >>>>>), 
incongruent (e.g. <<><< or >><>>), and neutral (e.g. = = < = = or = = > = =); with 40 presentations 
of each trial type. Each trial began with a 500 ms central fixation cross (+) immediately followed 
by a stimulus which remained on-screen until a response was made or for 1500 ms if no response 
was made.  A blank followed, of random duration between 250 and 750 ms.  Children were 
instructed to focus on the fixation, ignore the flanking stimuli surrounding the central arrow, and 
respond with a left or right button press according to the direction of the central arrow.  Only the 
first response was recorded.  Correct reaction time (RT) on incongruent stimuli minus correct RT 
on neutral stimuli was calculated to measure the interference response cost (IRC).   
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RI was measured by the Stop-Signal task embedded in CANTAB.  CANTAB is a 
commercial computerized battery consisting of a range of neuropsychological tasks (Chamberlain 
et al., 2011).  Only the results of the Stop-Signal task are reported in this study.  In this task, 
children were instructed to response as quickly as possible to bidirectional arrows.  In a minority 
of trials (25%) where an arrow was followed by an auditory signal, they were instructed to 
withhold their response.  The Stop-Signal task uses a staircase design with the stop signal delay 
(SSD) varied based on task performance, which leads to that the participant has 50% to 
successfully stops the trials.  The outcome was stop signal reaction time (SSRT); an estimate of 
the time taken to inhibit the response.  SSRT was calculated by subtracting the SSD at which the 
participant has 50% to successfully stop from the median correct go RT. 
IDL was measured by the Behavior Rating Inventory of Executive Function (BRIEF).  
The BRIEF is an 86-item questionnaire for assessing executive functions by observing daily 
behaviours, consisting of non-overlapping clinical subscales (Gioia et al., 2000).  The BRIEF-
Parent edition was used, and only the score of the inhibitory subscale is reported, given the stated 
research purpose.   
4.2.4 EEG recording and pre-processing 
Five minutes of EEG were recorded in an eyes-closed resting condition, followed by 5-
minutes of recording with eyes open.  The recording was paused if children showed signs of 
fatigue or restlessness.  The EEG was acquired via a 128-channel system (HydroCel Geodesic 
Sensor Net, Electrical Geodesics, Inc., Eugene, OR). The impedance of all electrodes was less than 
50 kΩ.  All electrodes were physically referenced to Cz (fixed by the EGI system). The EEG was 
amplified with a band pass of 0.01 to 200 Hz, which was digitized on-line at a sampling rate of 
1000 Hz.  The EGI data were converted to allow analysis using EEGLAB and Neuroscan 
software version 4.3. 
The EEG pre-processing followed previous studies in AD/HD (Barry et al., 2009a; Clarke 
et al., 2011).  Nineteen channels were selected based on the international 10-20 system.  All 
channels were offline re-referenced to linked ears, and re-sampled at 256 Hz, filtered by a band-
pass filter from 1 Hz to 70 Hz and a 50 Hz notch filter.  Visual inspection was used to identify 
and exclude sections of EEG trace containing gross artefacts.  The Independent Component 
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Analysis function in EEGLAB (Delorme & Makeig, 2004) identified and excluded components 
related to eye and muscle movements; this is a semi-automatic process aided by a tool box in 
EEGLAB, ADJUST (Mognon et al., 2011).  Then, a 3-min period was extracted from the artefact-
free EEG data, and was segmented into 4 s epochs.  These epochs were Fourier transformed using 
a Hamming window.  Then EEG band power was obtained by summing power in two frequency 
bands: theta (3.5-7.5 Hz) and beta (12.5-25 Hz).  TBR was subsequently calculated. 
4.2.5 Statistical analysis 
Frontal TBR was calculated by averaging the TBR values of frontal electrodes (Fp1, Fp2, 
F3, F4, F7, F8, Fz).  Then, participants were divided into an elevated TBR group (ET, the value 
of TBR ranked top 35%) and a control TBR group (CT).   
A common feature of the patients who have elevated TBR is the globally increased ratio 
(Clarke et al., 2011).  To examine whether the ET group had this feature, a topographic analysis 
was conducted.  The electrodes were divided into nine regions: left frontal (Fp1, F3, F7), midline 
frontal (Fz), right frontal (Fp2, F4, F8), left central (T3, C3), midline central (Cz), right central 
(T4, C4), left posterior (T5, P3, O1), midline posterior (Pz) and right posterior (T6, P4, O2).  The 
EEG data for each region were calculated by averaging the electrodes in the region.  Then, an 
ANOVA with between-subjects factors of Group (ET, CT) and within-subjects topographic factors 
of Lateral (left, midline, right) and Sagittal (frontal, central, posterior) was conducted for the 
theta/beta ratio.  Planned contrasts were examined within the Sagittal and Lateral factors.  
Within the Sagittal factor, planned contrasts compared the frontal (F) and posterior regions (P), 
and the central region (C) with the mean of the frontal and posterior regions (F/P).  Within the 
Lateral factor, the contrasts compared the left hemisphere (L) with the right (R), and the midline 
region (M) with the mean of the hemispheres (L/R).  The contrasts were planned, and there were 
no more of them than the degrees of freedom for the effect, so no Bonferroni-type adjustment to α 
was required (Tabachnick & Fidell, 2007). 
To examine the effect of Group on inhibitory measures, a MANOVA was conducted.  
Pillai’s Trace tests were conducted.  The behavioural data was inspected before entering the 
analysis.  For RT-based measures, data was considered an outlier if it exceeded ±2.5 standard 
deviations from the mean.  One case was screened out in the Flanker task.  For IDL, 3 cases 
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were screened out as the scores exceed the criterion of the questionnaire.  As these values were 
missing at random, an expectation–maximization method was used to estimate the missing values. 
4.3 Results 
4.3.1 Demographic and diagnostic information 
Demographic and diagnostic information were compared between groups (See table 4).  
No significant differences were found between the ET group and the CT group for age, IQ, and 
scores on the AD/HD Rating Scales.   
Table 4. Demographic information for ET and CT groups. Numbers in brackets represent standard 
deviation.  
 
 
Gender Age IQ 
AD/HD 
subtype 
IN HI 
Frontal 
TBR 
ET 17 M; 3 F 9.8 (1.6) 100.8 (12.9) 13 I; 7 C 27.0 (3.1) 21.5 (6.4) 13.2 (3.2) 
CT 32 M; 6 F 10.4 (1.4) 102.7 (14.7) 21 I; 13 C 26.3 (3.5) 23.7 (5.3) 6.8 (2.5) 
 
4.3.2 TBR topographic analysis 
The topographic maps for TBR for each Group are displayed in Fig. 6.  A lateral main 
effect and planned contrasts (quadratic: F = 49.582, p < 0.001, 𝜂𝑝
2 = 0.470) indicated that TBR 
was maximal in the midline region.  A sagittal main effect and planned contrasts (linear: F = 
43.027, p < 0.001, 𝜂𝑝
2 = 0.434); quadratic: F = 6.519, p = 0.013, 𝜂𝑝
2 = 0.104)indicated a fronto-
central distribution.   
A Group x Lateral interaction (quadratic: F = 10.341, p = 0.002, 𝜂𝑝
2 =0.156) indicated that 
the difference between M and L/R was larger in the ET group, an effect mainly driven by the 
increased TBR in the midline region in the ET group.  A Group x Sagittal interaction (linear, F = 
4.065, p = 0.049, 𝜂𝑝
2 = 0.068) indicated that the difference in TBR between F and P sites was 
larger in the ET group than in the CT group.  Also, a main effect of Group (F = 38.491, p < 0.001, 
𝜂𝑝
2 = 0.470) indicated that the ET group had a globally increased TBR compared to the CT group. 
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Fig. 6. Topographic maps for TBR of Group. ET, the elevated TBR group; CT, the control TBR 
group. 
 
In summary, TBR was maximal in the middle fronto-central regions; consistent with 
previous findings (Clarke et al., 2001a; Barry & Clarke, 2009).  Also, the ET group showed a 
globally increased TBR; in line with earlier work (Clarke et al., 2011). 
4.3.3 Inhibitory functions  
The results of inhibitory tasks are displayed in Table 5.  There was a significant effect of 
Group on IRC, SSRT, and IDL in Pillai’s Trace, V = 0.192, F = 4.285, p = 0.009, 𝜂𝑝
2 = 0.192.  
Separate univariate ANOVAs on each measure showed that there were significant Group 
differences for IRC (F = 5.416, p = 0.024, 𝜂𝑝
2 = 0.088) and SI (F = 5.693, p = 0.020, 𝜂𝑝
2 = 0.092), 
but not SSRT. 
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Table 5. Tasks results for ET and CT groups. Numbers in brackets represent standard deviation. 
Bold values signifies P-value <0.05. 
  ET CT F p 
Primary 
measures 
RTneutral 591.9 (79.4) 551.5 (101.6) 2.40 0.127 
 RTincongruent 690.5 (110.26) 622.0 (106.1) 5.31 0.025 
 Go RT 653.5 (239.3) 560.7 (152.1) 3.25 0.077 
 SSD50% 284.8 (219.2) 207.8 (204.3) 1.77 0.189 
Inhibitory 
functions 
IRC 98.5 (54.6) 70.5 (36.5) 5.42 0.024 
 SSRT 368.7 (111.5) 352.9 (102.5) 0.29 0.590 
 DI 17.7 (3.6) 20.1 (3.7) 5.69 0.020 
Note. RTneutral and RTincongruent, the mean reaction time on the neutral trials and the incongruent 
trials in the Flanker task; Go RT, the median reaction time on the Go trials in the Stop-Signal task; 
SSD50%, the stop signal delay that the participant had 50% change to successfully stop; IRC, 
interference response cost; SSRT, stop signal reaction time; DI, daily inhibition.  Except the DI 
(raw score), the unit of the above measures are millisecond.   
 
In summary, the results revealed that compared to the CT group, the ET group was more 
influenced by the interference and had less inhibitory issues in a social context. 
4.3.4 Relationships among inhibitory functions in each group 
As differences between groups were evident for inhibitory functions, relationships between 
the inhibitory tasks were further explored in the ET and CT groups separately.  No significant 
correlations were found between the IDL and other inhibitory functions in either group.  However, 
different relationships between IRC and SSRT were found between groups.  IRC was 
significantly correlated to SSRT (r = 0.322, p = 0.048) in the CT group, whereas this correlation 
was not significant in the ET group (r = 0.135, p = 0.570).   
4.4 Discussion 
TBR is increasingly important as a prognostic indicator in AD/HD research (Arns et al., 
2013), although the behavioural meaning of TBR is currently uncertain.  It has been suggested 
that TBR is related to cognitive processes rather than hypo-arousal in the AD/HD population 
(Barry et al., 2009).  In addition, recent studies in healthy populations show that TBR is 
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negatively correlated with inhibitory functions (Putman et al., 2010; 2014; Angelidis et al., 2016).   
Hence, the current study classified an elevated TBR group, based on the proportion of the 
population estimated to include this feature, as indicated by cluster analysis (Clarke et al., 2011), 
and explored whether the patients with elevated TBR displayed weakness in three types of 
inhibitory tasks. 
The current study found that participants in the ET group were more influenced by 
interference compared to the CT group; the ET group took longer to make accurate response when 
interference stimuli were presented.  This result supports the hypothesis and is consistent with 
findings in the normal population.  Using a self-report scale to measure IC, Putman et al. (2010) 
reported that the value of TBR is negatively correlated with performance.  This finding was also 
repeated in subsequent studies and has shown good test-retest reliability (Putman et al., 2014; 
Angelidis et al., 2016).   
The findings of the relationships on RI and IDL are in contrast to the hypotheses. In the 
Putman et al. (2010) study, TBR was also negatively correlated to RI; however, there was non-
significant difference of RI between groups in this study.  The differing results may be due to 
differences in the stimuli and task paradigms.  In their study, emotional stimuli were selected to 
investigate the relationship between TBR and emotional processing encouraged by previous 
findings (Knyazev et al., 2007).  Thus, the outcome reflects an interaction between emotional 
processing and RI.  Here, without engaging emotional processes, the outcomes reflect more pure 
RI processing.  Furthermore, with different paradigms adopted, different aspects of RI were 
involved.  A Go/Nogo task was used in their study while a Stop Signal task was used here.  
Although both tasks measure RI, the Go/Nogo task emphasizes the ability to inhibit a response 
tendency whereas the Stop Signal task emphasizes the ability to inhibit an ongoing response 
(Verbruggen & Logan, 2008; Aron, 2011).  The two paradigms are thought to elicit different types 
of response inhibition (Verbruggen & Logan, 2008) and different brain regions are involved in the 
tasks (Aron, 2011).  Hence, the non-significant result here indicates that there is no difference in 
inhibiting an ongoing response between groups.   
Also, the direction of the difference between groups on IDL – patients with elevated TBR 
had better performance on an inhibitory score measured by BRIEF – is contradictory to 
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expectations.  The contradiction is relevant to a debate on the relationship between executive 
functions (EF) outcomes, including inhibition, measured by computer tasks and the outcomes 
measured by reports basing on daily performance (Barkley, 2012).  Although EFs are 
operationally defined in similar ways in these two approaches, low or no correlations have been 
reported between the outcomes from EF tasks and those from EF questionnaires in both normal 
(McAuley et al., 2010) and AD/HD populations (Toplak et al., 2009; Barkley and Fischer, 2011).  
Two reasons may account for the disassociation.  First, the outcome measured by computerized 
tasks reflects the pure EF without a motivational or emotional influence; so-called “cold EF” 
(Diamond, 2013; Barkley, 2013).  On the other hand, EF questionnaires measure day-to-day 
activities in which motivational and/or emotional factors play an important role; so-called “hot EF” 
(Diamond, 2013; Barkley, 2013).  Thus, the difference may result from the involvement of 
motivational and/or emotional factors.   
The second explanation for the dissociation between task-based and questionnaire 
measures of EF, and the one that seems more plausible for the data reported here, is that the 
questionnaire-based approach may actually measure abilities other than EFs (McAuley et al., 
2010).  Fast and slow brain rhythms are resourced from different brain systems and play 
cooperative roles in regulating behaviour (for a historical review, see Knyazev, 2007).  In detail, 
the fast wave/slow wave ratio such as TBR is suggested to reflect emotional and (or) motivational 
processing.  For example, the TBR is related to more motivational imbalances and punishment-
driven behaviours (Schutter & van Honk, 2005).  Also, healthy individuals with higher TBR 
show weakness in inhibiting a response under the effect of emotion (Putman et al., 2010).   In 
this way, patients with higher TBR should have performed worse on BRIEF in this study.  
Moreover, scores on BRIEF are widely related to math performance, reading proficiency, and other 
behaviours but not related to classic EF tasks including inhibitory tasks in children (McAuley et 
al., 2010), which suggests BRIEF may actually measure other abilities.  Hence, the comparison 
of the inhibitory subscale between groups may in fact tap abilities other than inhibition.  Our 
results suggest that children with AD/HD who do not show elevated TBR may have atypical 
functions in other domains rather than inhibition.   
Different relationships between IC and RI were found between groups – IC was correlated 
with RI in the CT but not ET group.  The disassociation in the ET group indicates that IC and RI 
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are separate functions.  However, behavioural studies find that IC and RI share some variance in 
the normal population (Friedman & Miyake, 2004; Huizinga et al., 2006), and imaging studies 
reveal some pre-frontal areas that play a role in both inhibitory functions (Bunge et al., 2002; 
Wager et al., 2005; Nee et al., 2007).  Moreover, compared to adults, children tend to show less 
activation of these common areas (Bunge et al., 2002).  Together, the disassociation indicates that 
children in ET group may have some immature pre-frontal regions which are common neural 
underpinnings for inhibitory functions.  Further studies might compare the Group effect under 
inhibitory tasks state to provide direct evidence. 
 The current results have implications for the use of TBR as a prognostic indicator in 
children with AD/HD.  Elevated TBR was thought of as a reliable marker for classifying AD/HD 
from healthy controls (Snyder & Hall, 2006).  However, recent evidence shows that the difference 
between the groups is reducing (Arns et al., 2013) and not all children with AD/HD can be 
characterized by increased TBR (Clarke et al., 2011).  In this case, the prognostic value of TBR 
was proposed in AD/HD (Arns et al., 2013; Lenartowicz & Loo, 2014).  A hot topic related to the 
prognostic value of TBR is its behavioural meaning (Barry et al., 2009).  An inference from 
current limited studies is that TBR in AD/HD may be indicative of issues in attentional processing 
(Loo et al., 2013) without further specifying which exact types of attentional functions are involved.  
Our results extend the findings to inhibition at the attentional level – IC, and the children with 
elevated TBR were more influenced by to task irrelevant stimuli.  In other words, the elevated 
TBR could be a marker of a weakness in IC in AD/HD.  For patients without the elevated ratio, 
on the other hand, a weakness is demonstrated on the inhibitory subscale of BRIEF.  Given past 
research on BRIEF, it may be that other abilities rather than inhibition itself may be compromised 
in AD/HD children without the elevated TBR; however, further studies are needed to address the 
issue.   
Also, future studies may further explore the mechanism underlying the relationship 
between TBR and inhibition.  One possible explanation is from the recent findings in cognitive 
neuroscience.  Imaging studies reported that brain resting networks interplayed with task-related 
networks have impact on behavioural output (Raichle, 2009; Northoff et al., 2010).  As EEG can 
detect the activity of the resting networks (Raichle, 2009), TBR may be electrophysiological 
manifestation of some resting network, which in turn reflects inhibitory performance.  
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Alternatively, the relationship may be the consequence of TBR-related problems.  Arns et al. 
(2013) proposed that TBR may be influenced by sleep duration which can affect the 
neuropsychological functions (e.g. Fernandez-Mendoza et al., 2010).  Thus, the relationship 
between TBR and inhibition may in fact result from individual difference in sleep duration.  
Further studies may explore these possibilities.  
One issue related to the interpretation of these behavioural findings is the criterion on TBR 
used to define the groups.  In this study, members of the ET group were classified by using a 
proportion revealed in the AD/HD population (Clarke et al., 2011).  The cut-off value was around 
10.  It is uncertain how the value is influenced by different electrodes selected to calculate it, and 
by ranges of EEG amplifiers used to obtain the EEG signals.  Also, obtaining TBR through a 
method based on individual frequency band rather than the fixed band is suggested with regard to 
a consideration that EEG frequency bands may be varied due to the effects of age (Saad et al., 
2015).  Here, the fixed band method was adopted to follow previous studies (Barry and Clarke, 
2009).  Further studies may address these issues to estimate a reliable cut-off point.   
4.5 Conclusions 
The purpose of the current study was to explore whether elevated TBR indicated an 
inhibitory problem in children with AD/HD in light of relevant findings in the healthy population.  
The results indicated a functional disassociation - children with AD/HD who have elevated TBR 
perform worse on interference control but perform better on day-to-day inhibition, compared to 
children with AD/HD who do not have elevated TBR. Also, inhibitory functions were not 
correlated in the group with elevated TBR, which implies that the group may have immature 
common brain areas underpinning for inhibitory functions.  The results suggest that TBR may be 
an indicator for inhibitory functions, which further supports the prognostic value of resting EEG 
measures in AD/HD.  Future studies might further explore the behavioural implications of the 
disassociation indicated by TBR in children with AD/HD.  
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CHAPTER 5: The role of resting state EEG localized activation and central nervous 
system arousal in EF performance in children with AD/HD 
 
A version of this chapter has been published in Clinical Neurophysiology: 
Zhang, D.W., Johnstone, S. J., Roodenrys, S., Luo, X., Li, H., Wang, E., Zhao, Q., Song, 
Y., Liu, L., Qian, Q., Wang, Y. & Sun, L. (2018). The role of resting-state EEG localized 
activation and central nervous system arousal in executive function performance in 
children with Attention Deficit/Hyperactivity Disorder. Clinical Neurophysiology, 129, 
1192-1200. 
 
Abstract 
This study explored the relationships between resting-state electroencephalogram (RS-
EEG) localized activation and two important types of executive functions (EF) to extend the 
prognostic utilization of RS-EEG in children with Attention-Deficit/Hyperactivity Disorder.  
Also, the role of central nervous system (CNS) arousal in the relationships was examined.  Fifty-
eight children with AD/HD participated in the study.  RS-EEG localized activation was derived 
from spectral power differences between EEG in eyes-closed and eyes-open conditions.  CNS 
arousal was measured based on alpha band power.  Common and everyday EF scores were 
obtained as EF outcomes.  Results: Frontal delta activation predicted common EF ability and 
posterior alpha activation predicted everyday EF.  A serial mediation analysis found that lower 
CNS baseline arousal was related to greater arousal and delta activation in series, which in turn 
related to worse common EF.  A follow-up study found that baseline arousal also was related to 
larger interference costs.  RS-EEG is indicative of individual differences in two important types 
of EF in children with AD/HD.  Lower CNS arousal may be a driving force for the poorer 
common EF performance.  The current study supports prognostic utilization of RS-EEG and 
AD/HD models that take resting brain activity into consideration in children with AD/HD. 
5.1 Introduction 
Resting-state electroencephalogram (RS-EEG) provides a window to understand 
spontaneous brain activity in children with Attention-Deficit/Hyperactivity Disorder (AD/HD) 
(Barry et al., 2003).  Its measures (e.g. the theta to beta ratio) have been considered as candidate 
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biomarkers to diagnose AD/HD (Throme et al., 2012; Faraone et al., 2014); however, the 
diagnostic reliability of RS-EEG measures is controversial (Arns et al., 2013; Faraone et al., 2014).  
Instead, it has also been proposed that RS-EEG measures have prognostic value in AD/HD (Arns 
et al., 2013; Arns &Gordon, 2014; Olbrich et al., 2015), based on evidence that RS-EEG profiles 
are heterogeneous (Clarke et al., 2001b; Clarke et al., 2011) and different RS-EEG profiles are 
associated with different responses to medication-based treatment (Clarke et al., 2002a; Arns et al., 
2008; Arns, 2012; Arns et al., 2013).  For example, children with AD/HD with less beta activity 
typically show a good response to treatment with methylphenidate (Clarke et al., 2002a).  
The prognostic proposition is also supported by recent studies demonstrating that RS-EEG 
may reflect individual differences in executive functions (EF) among children with AD/HD (e.g. 
Loo et al., 2013; Hsu et al., 2013, 2015; Zhang et al., 2017a,b).  In several models, deficient EF 
contributes to the severity of AD/HD symptoms (Barkley, 1997; Sergeant, 2005; Sonuga-Barke, 
2005; Nigg, 2005).  With the connection between RS-EEG and EF, RS-EEG measures may serve 
as indicators for EF ability at an individual level.  For example, a recent study revealed the 
relationship between the theta to beta ratio of RS-EEG and inhibitory functions (Zhang et al., 
2017b).  
However, further studies are needed to extend on these promising findings.  EF are 
considered as a set of cognitive processes with elementary components (e.g. working memory, 
shifting and inhibition) and higher-order functions (e.g. decision making and planning) (Diamond, 
2013).  Previous studies in children with AD/HD mainly report the link between RS-EEG and 
higher-order EF (e.g. decision making, Hsu et al., 2013, 2015; Zhang et al., 2017a), but did not 
find the link to the elementary components (Zhang et al., 2017a) or reported inconsistent findings 
(e.g. Loo et al., 2013).  However, as the elementary EF components are of importance for 
individuals across the life-span (Diamond, 2013), RS-EEG measures that could predict EF ability 
would be more meaningful.   
Two issues may contribute to the inconsistent findings. One consideration is EF validity 
issues in previous studies.  Most studies have adopted just one task and used a raw task score to 
examine the relationship.   However, this approach is often criticized in EF research as single 
task is unlikely to provide a pure measure of EF ability (Miyake et al., 2000; Miyake & Friedman, 
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2012).  It has been demonstrated that non-EF processing in a single measurement results in the 
systematic error in the raw score (Snyder et al., 2015), so approaches that minimize this are 
desirable.  A more accessible method for reducing the impact of other processes on extraneous 
variability on the EF measure is the use of multiple tasks and averaging based on z-scores.  This 
averaged score derived from multiple EF tasks reflects the common function that plays an 
important role in all EF tasks (Snyder et al., 2015), and a recent imaging study using this approach 
showed that spontaneous brain activity can predict common EF ability (Reineberg et al., 2015).  
Hence, the approach to derive common EF ability is used in this study to increase validity.  In 
addition, the relationship between RS-EEG and everyday EF is also examined in this study to 
increase the ecological validity.  The concept of “everyday EF” was put forward as EF measured 
under experimental situations are decontextualized, neglecting the interaction between EF and 
everyday elements such as emotion and motivation in determining behavior (Mischel et al., 1989; 
Barkley, 2013).   
The second reason refers to the selection of RS-EEG measures.  Previous studies mainly 
explored the correlation with EF only using RS-EEG in eyes-closed (EC) or eyes-open (EO) 
conditions, and did not take advantage of the RS-EEG measures in different conditions as a whole.  
Although there is little-to-no cognitive demand in both conditions, researchers propose that EC 
resting brain activity better represents a baseline state whereas EO activity reflects a brain resting 
state with non-specific visual processing (Barry et al., 2007; Northoff et al., 2010; Patriat et al., 
2013; Yan et al., 2009).  In RS-EEG, spectrum power shows reductions from EC to EO, which is 
referred to as “reactivity” (Barry et al., 2007, 2009).  One type of reactivity is the reduction of 
global alpha power.  As global alpha (i.e. alpha across regions) is negatively related to arousal of 
the central nervous system (CNS) (e.g. Barry et al., 2004, 2007, 2008; Foxe et al., 2012), global 
alpha reactivity represents the CNS arousal increase from a baseline resting state (EC) to a resting 
state with passive visual processing (EO) (Barry et al., 2007; Barry, 2009).  The other type of 
reactivity is demonstrated in regional reductions (e.g. decreased posterior delta and theta in EO 
compared to EC), with these changes interpreted as local activation to process baseline visual input 
(Barry et al., 2007, 2009).   
As localized activation reflects the processing of baseline input, variation in this resting 
activity may further predict individual differences in EF.  A recent study provides some evidence 
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for this notion.  Researchers recorded RS-EEG and event-related potentials (ERPs) to examine 
the relationship between increased local activation from EC to EO and ERP components in a 
Go/Nogo task, and revealed a contribution of local delta activation to the P3 component, indicating 
that the increased local activation relates to individual differences in high-order cognitive functions 
(Karamacoska et al., 2017).  Hence, the current study will explore if local activation of RS-EEG 
can predict the two types of EF. 
As previous research suggests that baseline CNS arousal may influence subsequent 
processing, the question of whether baseline arousal has an impact on the relationship between 
localized activation and EF performance will be further explored.  The role of under-arousal in 
AD/HD has persisted in the research literature for decades (Barry et al., 2003).  As introduced 
above, RS-EEG provides information about the baseline arousal (global alpha in EC) and the 
arousal reactivity (the global alpha difference between EC and EO).  The optimal stimulation (OS) 
model suggests that CNS baseline arousal may drive the subsequent response (Zentall, 1975; 
Zentall & Zentall, 1983).  Children with AD/HD usually show a low baseline arousal level 
(Diamond, 2005).  According to the OS model, under-arousal results in more stimulation-seeking 
behaviors to self-modulate arousal level, which in turn causes more inappropriate outcomes 
(Zentall & Zentall, 1983).  Following this perspective, the baseline arousal drives the connection 
between localized activation and EF; for example, a possible pathway is “baseline arousal  local 
activation  EF ability”.  Another possibility comes from the research into the orienting reflex.  
Some models in this field suggest that arousal level prior to a task amplifies the behavioral outputs 
(e.g. Barry, 2009), suggesting that arousal level may be a moderator.  Following this perspective, 
the baseline arousal level moderates the possible link between local activation and EF. 
Together, the aim of the current study is to explore if the RS-EEG local activation from EC 
to EO can predict two types of EF in children with AD/HD, and to further explore the role of 
arousal in this process.   
5.2 Method 
5.2.1 Participants 
Fifty-eight children (49 male, age range 8-13 years, M = 10.21 years, SD = 1.49) 
participated in this study.  Thirty four children were diagnosed with the predominantly inattentive 
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type (ADHD-I) and 1 of these was comorbid with Oppositional Defiant Disorder (ODD).  
Twenty-four children were diagnosed with the combined type (ADHD-C); 4 of them were 
comorbid with ODD and 1 was comorbid with Tic disorder.  The participants were recruited via 
child psychiatric clinics of Peking University Sixth Hospital.  Clinical Diagnostic Interview Scale 
(CDIS), a structured clinical interview based on the DSM-IV, was conducted by psychiatrists with 
the participants and their parents.  Diagnosis was made by a senior psychiatrist based on clinical 
observation and the results of the CDIS. The mandarin version of CDIS was used and it shows 
good sensitivity and specificity (Yang et al., 2004).  All participants had: 1) screening by the 
Clinical Diagnostic Interviewing Scales (Barkley, 1998); 2) no history of head trauma with loss of 
consciousness; 3) no history of neurological and other severe medical illness; 4) no history of 
psychopharmacological treatment; and 5) an IQ higher than 80 on the Wechsler Intelligence Scale 
III for children. 
5.2.2 Procedure  
Ethics approval was obtained from the University of Wollongong Human Research Ethics 
Committee (HE 15/085).  Informed consent was obtained from the parent or guardian of each 
participant prior to testing.  
Participants completed the testing protocol in one day.  In the morning, participants were 
in a patient room accompanied by a psychiatrist, and completed psychometric assessments and the 
Cambridge Neuropsychological Test Automated Battery (CANTAB) over approximately 2 hours.  
In the afternoon resting EEG was recorded in a room which was free from distraction with 
participants seated on a comfortable chair with dimmed lighting.  After EEG recording, 
participants completed a Flanker task.  The afternoon tasks took approximately 60 minutes. 
5.2.3 EEG recording and pre-processing 
Five minutes of EEG were recorded in an eyes-closed resting condition, followed by 5-
minutes of recording with eyes open.  The recording was paused if children showed significant 
signs of fatigue or restlessness.  The EEG was acquired via a 128-channel system (HydroCel 
Geodesic Sensor Net, Electrical Geodesics, Inc., Eugene, OR). The impedance of all electrodes 
was less than 50 kΩ.  All electrodes were physically referenced to Cz, fixed by the EGI system. 
The EEG was amplified with a band pass of 0.01 to 200 Hz and was digitized on-line at a sampling 
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rate of 1000 Hz.  The EGI data were converted to allow analysis using EEGLAB and Neuroscan 
software version 4.3. 
Nineteen channels were selected based on the international 10-20 system.  All channels 
were offline re-referenced to linked ears, re-sampled at 256 Hz, and band-pass filtered from 1 to 
70 Hz with a 50 Hz notch filter.  Visual inspection was used to identify and exclude sections of 
EEG trace containing gross artefacts.  The Independent Component Analysis function in 
EEGLAB (Delorme & Makeig, 2004) identified and excluded components related to eye and 
muscle movements; this is a semi-automatic process aided by a tool box in EEGLAB, ADJUST 
(Mognon et al., 2011).  Then, a 3-minute period was extracted from the artefact-free EEG data, 
and was segmented into 4 s epochs.  These epochs were Fourier transformed using a Hamming 
window, with summed EEG power obtained in four frequency bands: delta (1.5-3.5 Hz), theta (3.5-
7.5 Hz), alpha (7.5-12.5 Hz) and beta (12.5-25 Hz)   
5.2.4 Measures 
5.2.4.1 Common EF 
The CANTAB was used to measure common EF.  CANTAB is a commercial 
computerized battery to test a range of neuropsychological functions.  The battery reliably 
measures neuropsychological functions (Chamberlain et al., 2011).  Tasks used in the current 
study were planning, shifting, response inhibition, and working memory.  Then, outcomes that 
are more sensitive to the abilities were selected to enter into further analysis. 
The Stockings of Cambridge task measures spatial planning.  Three colored balls are 
displayed in a spatial pattern and participants are required to move the other set of balls to 
reproduce the pattern.  The number of problems solved in minimum moves was selected as the 
outcome.  The task lasts for about 10 minutes.  
The Intra-Extra Dimensional Set Shift task measures cognitive flexibility.  The task is 
similar to the Wisconsin Card Sorting test, and requires participants to learn a rule and then to shift 
from the well-learned rule to a new rule.  The number of the extra-dimensional stage errors was 
selected as the outcome.  The task lasts for about 7 minutes.  
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The Stop Signal task measures response inhibition.  The task firstly builds up a tendency 
for participants to make an A or B response, and on a small percentage of trials participants are 
required to inhibit the activated response after hearing a tone.  The primary outcome measure is 
stop signal reaction time which is an estimate of the time taken to inhibit the response.  The task 
lasts for about 20 minutes. 
The Spatial Working Memory task measures visuospatial working memory ability.  
Tokens are spatially hidden in the task and participants need to find the token by trying different 
spatial locations.  The number of total errors made during the task was selected.   
5.2.4.2 Everyday EF 
The Behavior Rating Inventory of Executive Function (BRIEF) parent version was used to 
measure everyday EF.  BRIEF is a questionnaire consisting of 86 items to rate EF by daily 
observations.  The items are categorized into two subscales – behavioral regulation scale and 
metacognition (Gioia et al., 2000).   
The Behavioral Regulation scale consists of 3 components – Inhibit, Shift, and Emotional 
Control.  The derived score, termed the Behavioral Regulation Index (BRI), reflects the 
individual’s ability to stop inappropriate behaviors (Inhibit), properly switch from one situation to 
another (Shift), and modulate emotional responses (Emotional Control).   
The Metacognition scale consists of 5 components.  The derived score, termed the 
Metacognition Index (MI), reflects an individual’s ability to independently begin an activity 
(Initiate), hold information to complete goal-directed behaviors (Working Memory), manage 
current and future task demands (Plan), keep orderliness (Organization of Materials), and monitor 
their own behaviors (Monitor).  For both scales, a higher score reflects greater difficulties. 
5.2.4.3 Other measures 
Besides the measures used in primary analysis, the Flanker task (Eriksen & Eriksen, 1974) 
and Conners Parent Rating Scale (CPRS, Conners et al., 1998) were also used for a follow-up 
analysis.  The Flanker task design and parameters followed Johnstone et al. (2009).  Children 
were instructed to ignore the flanking stimuli surrounding the central target arrow, and respond 
with a left or right button press according to the direction of the central arrow.  Only the first 
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response was recorded.  Interference cost was calculated by subtracting the correct reaction time 
(RT) on incongruent stimuli (e.g. <<><< or >><>>) from the correct RT on neutral stimuli (e.g. = 
= < = = or = = > = =).  A larger RT difference indicated that the flanking stimuli had more of an 
influence on processing of the target.  The CPRS is a widely used clinical tool with good 
reliability and validity (Conners et al., 1998).  The impulsive-hyperactive index was examined - 
a greater impulsive-hyperactive index score reflects more over-activity.   
5.2.5 Statistical analysis  
Fig. 7. Schema of the statistical analysis. 
 
The primary procedures for data analysis are shown in Fig. 7.  Also, a follow-up analysis 
was conducted to examine the role of CNS arousal in task performance, based on the results of the 
primary analysis. 
The first step examined condition (EC, EO) differences.  To examine if there are 
topographic influences underlying any Condition effects, Sagittal and Lateral factors were defined 
following previous studies (e.g. Barry et al., 2007, 2009).  Scalp electrodes were divided into nine 
regions: left frontal (Fp1, F3, F7), midline frontal (Fz), right frontal (Fp2, F4, F8), left central (T3, 
C3), midline central (Cz), right central (T4, C4), left posterior (T5, P3, O1), midline posterior (Pz) 
and right posterior (T6, P4, O2).  The EEG data for each region were calculated by averaging the 
electrodes in the region.  Sagittal (frontal, central, posterior) and Lateral (left, midline, right) 
factors were subsequently defined.  In each analysis, the effects of region were examined in 
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orthogonal three-level repeated-measures factors.  ANOVAs (Condition x Sagittal x Lateral) 
were separately conducted for delta, theta, alpha and beta bands.  Planned contrasts were further 
examined for the within-subjects factor of Sagittal and Lateral.  Within the Sagittal factor, 
planned contrasts compared the frontal (F) and posterior regions (P), and the central region (C) 
with the mean of the frontal and posterior regions (F/P).  Within the Lateral factor, the contrasts 
compared the left hemisphere (L) with the right (R), and the midline region (M) with the mean of 
the hemispheres (L/R).  With the lateral and sagittal dimension, these contrasts are planned to 
provide a comprehensive description of topography ranging from broad hemispheric or 
frontal/posterior differences to specific enhancements in single regions.  Also, these single degree 
of freedom F tests allow optimal clarification of site effects within the regions and minimize the 
frequent problem in repeated-measures analyses of physiological data caused by asymmetry of the 
variance-covariance matrix, and hence do not require Greenhouse-Geiser type adjustments 
(O’Brien & Kaiser, 1985).  Moreover, as the contrasts were preplanned, and there were no more 
of them than the degrees of freedom for the effect, so no Bonferroni-type adjustment to α was 
required (Tabachnick & Fidell, 2007). 
For obtaining the common EF score, the raw scores were converted to Z scores based on 
means and SD of each task for the full set of participants.  Because higher scores in the EF tasks 
except the Stockings of Cambridge reflected a poorer performance, derived Z scores from the 
Intra-Extra Dimensional Set Shift, the Stop Signal and the Spatial Working Memory were 
multiplied by -1, which led to higher scores representing better performance in all tasks.  Then, a 
Z-mean across the tasks was calculated.  As there is non-EF processing specific to each task, 
combining scores on different EF tasks using z-transformed values, reduces the influence of any 
task-specific processes so as to reflect the common ability across the EF tasks (Snyder et al., 2015).  
This method is in line with the unity/diversity framework of EF (Munakata et al., 2011; Miyake & 
Friedman, 2012).  For the everyday EF, raw BRI and MI were entered into further analysis.   
To examine the relationship between activation and two types of EF, regression analyses 
were separately conducted for common and everyday EF ability with the RS-EEG local differences 
(EC versus EO) entered as predictors.  The analyses were performed with linear models, using 
the stepwise method in SPSS (IBM SPSS Statistics 21, IBM Corp., Armonk, New York, USA) 
with entry probability set at .05 and removal probability set at .10.   
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To examine the roles of arousal in predicting behavior, mediation and moderation analyses 
were performed with the PROCESS macro in SPSS (Hayes, 2012).  A bias-corrected bootstrap 
method with 10,000 samples was used, and 95% bootstrap confidence intervals were set.   
5.3. Results 
5.3.1 Activation from EC to EO 
Topographic maps for the EC and EO conditions are shown in Fig. 8.  
Fig. 8. Topographic maps of absolute power (µV2) for the four frequency bands for the EC, EO 
conditions, and EC-EO condition differences. 
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Delta power was reduced in EO compared to EC (F = 17.23, p < 0.001, 𝜂𝑝
2 = 0.232) with 
this reduction being smallest in the central region (C < F/P, F = 10.09, p < 0.01, 𝜂𝑝
2 = 0.232).  
These results suggested apparent regional reductions of delta activity in the transition from EC to 
EO.  Thus, electrodes within F and P were separately averaged to form delta (F) and delta (P) to 
enter into subsequent prediction analyses.   
Theta power was reduced from EC to EO (F = 23.07, p < 0.001, 𝜂𝑝
2 = 0.288) with this 
reduction being larger in midline frontal (MF) and midline posterior (MP) regions (C < F/P x M > 
L/R).  Thus, electrodes for MF and MP were selected to represent regional activation of theta; 
theta (MF) and theta (MP).   
Alpha power was reduced in EO compared to EC (F = 56.77, p < 0.001, 𝜂𝑝
2 = 0.499), with 
no topographic effects indicating a global reduction of alpha from EC to EO.  The reduction was 
apparent in P (F < P, F = 42.96, p < 0.001, 𝜂𝑝
2 = 0.430) and in M (M > L/R, F = 29.22, p < 0.001, 
𝜂𝑝
2 = 0.339) together with a MP reduction (F < P x M > L/R, F = 14.25, p < 0.001, 𝜂𝑝
2 = 0.200) 
thus a regional alpha, alpha (MP), was extracted.  
 A posterior Beta reduction was found from EC to EO (F < P, F = 4.10, p < 0.05, 𝜂𝑝
2 = 
0.067).  Thus a beta (P) was averaged. 
5.3.2 Prediction analysis 
Based on the above analysis, local activations – delta (F), delta (P), theta (MF), theta (MP), 
alpha (MP) and beta (P) – were entered into the statistical regression as predictors.  The EF 
measures – common EF, BRI, and MI – were entered as outcomes.  The correlations between age 
and EF measures were examined first.  As age was correlated with common EF (r = .32, p < 0.05) 
but not with BRI (r = .04, p = 0.751) and MI (r = -.06, p = 0.669), age was entered as a covariate 
when common EF was the outcome in following analysis.   
In a regression analysis when the power estimate was not available, it is suggested that the 
minimum sample size should be equal to or greater than 20 plus the product of 5 and the number 
of predictors (Tabachnick & Fidell, 2007).  As this was the first study to explore the relationship 
and 6 predictors were involved, at least 50 cases are required and the sample size of this study met 
this criterion. 
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As age was significantly correlated with common EF, a sequential regression was 
performed with the 6 predictors entered after age to predict the Z score of common EF.  On step 
1, age accounted for 10.2% of the variance of common EF, R2 = .102, adjusted R2 = .086, F = 6.37, 
p < 0.05.  On step 2, only delta (F) was added as a significant predictor independently of the other 
variables (t = -2.85, p < 0.01) and an additional 11.5% of the variance was explained, ∆R2 = .115, 
∆F = 8.10, p < 0.01.  Together, age and delta (F) explained 21.7 % of the variance of common 
EF, R2 = .217, adjusted R2 = .189, F = 7.64, p = 0.001.  Unstandardized (B), the standard error of 
B (SE B), and standardized coefficients (β) were shown in Table 6.  
Statistical regressions were performed to predict the two scores of everyday EF.  Only 
alpha (MP) significantly predicted the score of BRI (t = -2.43, p < 0.05) and 9.5% of the variance 
of MI was explained by alpha (MP), R2 = .095, adjusted R2 = .079, F = 5.90, p < 0.05.  B, SE B, 
and β were shown in Table 6.  None of the 6 variables predicted the score of MI. 
 
Table 6. Unstandardized (B), the standard error of B (SE B), and standardized coefficients (β) for 
predicting common EF and everyday EF separately.  
 
Note. CI = confidence interval 
 
5.3.3 The role of arousal in the relationships 
With regard to the OS model, a serial mediation analysis was conducted to examine if the 
relationships between local activation and the two types of EF were driven by baseline arousal 
through arousal reactivity.  The model used in our study (e.g. Fig. 9) examined the direct effect 
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(e.g. “C”), the indirect effects (e.g. “A1  B1”, “A1  D  B2”, and “A2  B2”), and the total 
effect (the sum of all effects) between baseline arousal and EF abilities.  In the analysis of 
common EF, age was factored in the model as a covariate.  The total and direct effects of baseline 
arousal on the score were not significant; however, a significant indirect effect was found, “A1  
D  B2” = 0.0006, 95% CI [0.0001, 0.0022], EScomplete = 0.0830.  For everyday EF, the same 
model was used but age was not controlled.  All pathways from baseline to everyday EF were 
not significant. 
 
Fig. 9. The direct and indirect paths of the effect of the baseline arousal separately on common EF.  
Numbers present the unstandardized coefficients between variables.  A1 = -0.651**, A2 = 0.042, 
B1 = -0.0001, B2 = -0.004*, C = 0.0001, and D = 0.225.  * p < 0.05, ** p < 0.001.  
 
A moderation model (Fig. 10) was analyzed to explore if the arousal factors amplified the 
correlations (delta activation & common EF scores and alpha activation & everyday EF).  All 
effects were not significant.  
Fig. 10. The moderation model to examine if baseline arousal and arousal reactivity amplified the 
correlations. 
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5.3.4 Follow-up analysis 
As the baseline arousal negatively contributed to the common EF ability as predicted by 
the OS model, an analysis was conducted to further explore the behavioral implications of arousal 
level.  The OS model predicts that the under-arousal in AD/HD drives more stimulation-seeking 
behaviors manifested as inattention and hyperactivity.  Thus, the serial mediation model in Fig. 
9 was further examined with the outcome replaced by inattention and hyperactivity-impulsivity 
related scores.  The participants’ files of the Flanker task and CPRS were retrieved. Inattention 
was measured through the interference cost from the Flanker task, and overactivity from the 
impulsive-hyperactive index in CPRS.   
Similar to the result of the analysis of common EF, only a serial indirect path was 
significant for the effect of baseline arousal on interference cost, “a1  d  b2” = =0.083, 95% CI 
[-0.010, -0.320], EScomplete = 0.100 (Fig. 11).  No significance was found on the impulsive-
hyperactive index. 
 
Fig. 11. The direct and indirect paths of the effect of the baseline arousal on interference cost.  
Numbers present the unstandardized coefficients between variables.  a1 = -0.651**, a2 = 0.042, 
b1 = -0.079, b2 = 0.568**, c = 0.083, and d = 0.225.  * p < 0.05, ** p < 0.001.  
 
5.4 Discussion 
In light of using RS-EEG as prognostic indicators of EF in children with AD/HD, the 
current study explored the relationship between the RS-EEG local activation from EC to EO and 
two types of EF performance.  Moreover, as suggested by previous studies, the role of arousal-
related measures in predicting task performance was further examined.   
Compared to EC, children with AD/HD showed reductions with EO in the spectral power 
of traditional RS-EEG bands, particularly in the posterior region.  This result is in line with 
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findings from the normal population (e.g. Karamacoska et al., 2017), with the reductions suggested 
to reflect arousal increasing and local processing in response to visual input (Barry et al., 2007, 
2009).  However, inconsistent with previous research, the current study did not find increased 
frontal beta power in EO.  By contrast, for healthy children 8 to 12 years old, Barry et al. (2009) 
reported increased frontal beta along with reduced posterior beta in the EO condition.  As beta 
activity is associated with mental effort, the increased beta in EO is suggested to be an indicator 
of frontal processing in relation to visual input (Barry et al., 2007).  Following this explanation, 
the inconsistency may indicate a frontal dysfunction in children with AD/HD when transitioning 
from EC to EO.  
When examining the relationship between local activation and EF ability, the current study 
found that frontal delta activation predicted common EF and posterior alpha activation predicted 
everyday EF.  The link between the delta activation and higher-order processing has been 
reported in the normal population.  Karamacoska et al. (2017) reported that delta activation 
contributes to an ERP component functionally linked to attentional processing in decision making.  
As research into the relationship between RS-EEG and everyday EF is scarce, to our knowledge, 
this is the first study to report the role of RS-EEG in predicting the outcome of everyday EF in 
children with AD/HD.  Future studies may examine if these relationships are similar in healthy 
children, providing insight into the mechanism of the correlation in children with AD/HD. 
The correlations extend the understanding of the relationship between RS-EEG and EF, 
which further supports the utilization of RS-EEG as a prognostic indicator to predict EF in children 
with AD/HD.  Both RS-EEG and EF profiles are heterogeneous in the AD/HD population (Clarke 
et al., 2001b, 2011; Nigg et al., 2005; Willcutt et al., 2005) and recent studies suggest that RS-EEG 
is indicative of individual differences in EF ability (e.g. Hsu et al., 2013; Zhang et al., 2017a,b).  
With the methodological improvements of measuring EF and selecting RS-EEG measures, the 
current study extends the relationship to common and everyday EF.   These two types of EF are 
vital for individuals to complete goal-directed behavior.  Common EF, which is crucial to the 
framework of EF, reflects a commonality in tasks that require cognitive control (Miyake & 
Friedman, 2012).  The common EF may reflect the interaction between the prefrontal cortex and 
other regions in representing and maintaining goal-related information (Munakata et al., 2011).  
Although the nature of everyday EF is still controversial, it reflects behavioral management in 
81 
 
everyday situations and is associated with academic performance (McAuley et al., 2010; Barkley, 
2013).  With the relationship extended – RS-EEG reflects two important EF, the current study 
further supports the prognostic value of RS-EEG. 
The prognostic utilization of RS-EEG to predict cognitive performance in children with 
AD/HD echoes a recent view on the role of spontaneous brain activity in behavioral output.  
Increasing importance has been attached to spontaneous activity (Raichle, 2009; Cabral et al., 
2014), as behavioral output may be interpreted as a combination of the spontaneous activity and 
task-specific processing (Northoff et al., 2010).  In typical healthy populations, the role of resting 
brain activity in task performance has been demonstrated in imaging studies (e.g. Douw et al., 
2011; Reineberg et al., 2015; Zhao et al., 2016).  In the AD/HD field a corresponding model was 
proposed to explain the pathophysiology in terms of the dysfunctions of resting brain activity in 
AD/HD (Sonuga-Barke and Castellanos, 2007; Broyd et al., 2009).  Subsequent studies showed 
that the resting activity indexed by EEG contributed to high-order cognitive functions (e.g. Hsu et 
al., 2013, 2015; Zhang et al., 2017a).  The current study further supports the model as this study 
highlights the role of RS-EEG in common and everyday EF in children with AD/HD. 
With the serial mediation analysis, this study also suggests that the baseline CNS arousal 
drives the ability of common EF in an indirect manner in children with AD/HD.  Two aspects of 
CNS arousal were considered based on measures driven from RS-EEG in EC and EO conditions, 
baseline CNS arousal (defined as the global alpha power in EC) and arousal reactivity (defined as 
the global alpha power decrease by baseline visual processing in EO).  Although the total and 
direct effects of baseline CNS arousal on common EF ability were not significant, a significant 
serial indirect pathway was found – that is, baseline arousal impacted arousal reactivity which 
affected local activation, which in turn altered common EF ability.  This result suggests that lower 
baseline CNS arousal results in poorer common EF ability through arousal reactivity and local 
activation, in line with the prediction of the OS model.  The OS model suggests that children with 
AD/HD whose CNS are under-arousal perform more stimulation-seeking behavior (e.g. inattention 
and hyperactivity) which can increase the arousal, which results in poorer performance of goal-
directed behavior (Zentall & Zentall, 1983).  A subsequent analysis in this study further provides 
evidence for this model.  An indirect pathway was found for the influence of baseline arousal on 
inattention – lower CNS arousal through a serial process results in more inattentive behavior.  
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Together, the mediation results suggest that children with AD/HD who have the lower CNS arousal 
perform more inattentive behavior which may impede the execution of goal-directed behaviors.   
It should be noted that the effect of baseline arousal on EF performance was achieved 
through a complex indirect pathway in the absence of the total effects.  A significant total effect 
was once recognized as a logical requisite to conduct mediation analysis; however, this is not the 
case in current studies (Hayes, 2012; Zhao et al., 2010), as the total effects in fact only estimate 
the sum of the effects of all pathways between variables (Hayes, 2012; MacKinnon, 2008).  A 
directional difference among pathways and individual differences may result in a non-significant 
total effect accompanied with significant indirect effects (Hayes, 2013; MacKinnon, 2008; Zhao 
et al., 2010).  In line with accepted methods, this study adopted a direct approach to examine the 
effects of baseline CNS arousal on behavior through separate inferences of different pathways, 
which echoes a recent perspective provided to understand the relationship between 
neurophysiological measures and behavior (Harty et al., 2017).   
In addition, as not all variance in EF can be explained by the indirect effect of baseline 
arousal, future studies could examine whether other EEG measures contribute to variance in EF 
performance.  Here, the localized activation of RS-EEG was derived by the transition from EC 
to EO, and represents energy mobilization elicited by passive visual processing (Barry et al., 2007; 
Barry, 2009; Northoff et al., 2010).  Hence, the relationship between the localized activation and 
EF performance in this study can be explained as that the EF performance can be predicted by the 
ability to mobilize the energy to process passive visual information.  As the purpose of this study 
was to examine the prognostic value of RS-EEG, task-related activation (e.g. the difference 
between EEG in EO and during a task) was not involved but may contribute to the unexplained 
variance in EF.  Indeed, it has been shown that brain activity changes from resting to task 
conditions can predict a proportion of task outcomes (Northoff et al., 2010).  Further studies may 
explore whether EO-related and task-related EEG activation separately contribute to EF ability as 
well as further examine the role of baseline arousal with pathway analysis. 
Some limitations of this study should be noted.  RS-EEG was recorded in a fixed order – 
the EC recording followed by EO, which is in line with some previous studies. However, there 
may be time effects on EEG measure.  Further studies may verify the relationship with a balanced 
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design for recording EEG.  Moreover, in order to control the issue of task impurity in measuring 
EF, a Z-score based approach was adopted.  As mentioned above, however, the score only reflects 
the common ability underlying high-order cognitive functions (Snyder et al., 2015).  The two 
specific components of EF described in the prevailing EF model (Miyake & Friedman, 2012), 
updating and shifting, were not examined in this study as CANTAB does not involve tasks that 
highly load on the two specific components.  Future work is required to explore the relationship 
between RS-EEG and the specific components of EF.  In addition, although BRIEF was designed 
for measuring EF based on daily performance and is widely used, the non-significant relationship 
between RS-EEG and everyday EF reported here is limited by the validity of BRIEF.  Firstly, a 
parental form of BRIEF was used in this study, which raises the possibility that the result was 
biased by parental recall.  Secondly, it should be noted that the variance of BRIEF scores may be 
explained by abilities that may be irrelevant to EF (McAuley et al., 2010).  Hence, future studies 
may verify the findings by using other tools to measure everyday EF (e.g. Barkley & Fischer, 
2011). 
5.5 Conclusion 
In conclusion, the current study further explored the prognostic value of RS-EEG in 
children with AD/HD.  With regard to recent understandings of the differences of RS-EEG in 
different resting conditions and the construct validity of EF, the relationships between RS-EEG 
local activation in the resting state and two types of EF were examined.  The local delta and alpha 
activity predicted the common ability of EF and EF in everyday life, respectively.  Furthermore, 
an amount of variance in the common ability of EF resulted from a serial indirect effect of baseline 
CNS arousal, which may result from the relationship between CNS arousal and inattentive 
behavior.  Together, the current study suggests that the RS-EEG measures can be indicators of 
EF in children with AD/HD, which supports the prognostic proposition of RS-EEG.  Furthermore, 
the role of the baseline arousal in predicting behavior supports the models that factor the arousal 
in explaining AD/HD symptoms. 
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CHAPTER 6: Comparing the transfer effects of three non-pharmacological interventions 
in children with AD/HD: a single case experimental design 
6.1 Introduction 
Attention-deficit/Hyperactivity Disorder (AD/HD) is a prevalent neurodevelopmental 
disorder (Polanczyk et al., 2014) and afflicted individuals suffer long-term deficits (Karam et al., 
2015).  Medication is an effective treatment and is widely used in children with AD/HD (AAP, 
2011).  However, there are widespread concerns about medication treatment in regard to known 
side effects (Efron et al., 1997; Vitiello, 2008, Graham et al., 2011), lack of evidence for long-term 
effects (Wang et al., 2013), and poor adherence (Berger et al., 2008).  Thus, alternative treatments 
are urgently needed. 
Two types of mediators are frequently mentioned in AD/HD models to explain AD/HD 
symptoms; the first is executive function (EFs) and the second, central nervous system (CNS) 
arousal (Satterfield & Cantwell, 1974).  EF-type models were put forward based on the 
importance of EFs in managing behaviour and findings that AD/HD symptoms were similar to the 
behaviour of neurological patients with deficits in EFs (Barkley, 1997).  So called “hypoarousal” 
models derived from physiological observations that individuals with AD/HD show lower CNS 
arousal level (Zentall and Zentall, 1983).  Rather than attributing AD/HD symptoms to a singular 
factor, some models were proposed to take both EF deficits and CNS hypoarousal into 
consideration (e.g. Sergeant, 2005; Sonuga-Barke, 2005).  
The increasing understanding of the nature of AD/HD allows exploration of the mechanism 
of medication effects, and also lays the foundations for developing new treatments.  Intervention 
research has been guided by these models, examining whether training that targets the deficits can 
in turn alleviate AD/HD symptoms.  Two such intervention approaches, cognitive training (CT) 
and neurofeedback training (NFT), aim to reduce symptoms in AD/HD by providing an individual 
the opportunity to “exercise” and improve specific deficient processes.  As applied to children 
with AD/HD, CT usually aims to improve sub-components of EFs, such as working memory (WM) 
and response inhibition (RI), which have been widely reported to be deficient in AD/HD (Lijffijt 
et al., 2005; Willcutt et al., 2005).  NFT usually aims to promote awareness and control of 
brain/psychological states (e.g. resting state, attention state, relaxed state) to allow more effective 
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state modulation in response to situational demands; resting state issues are indicated by CNS 
hypoarousal in children with AD/HD (Arns et al., 2014; Lofthouse et al., 2012).  Both 
interventions are supported by empirical evidence (Arns et al., 2014; Johnstone et al., 2010, 2012; 
Lofthouse et al., 2012) and meta-analyses have concluded that they are promising alternative non-
pharmacological treatments for addressing the symptoms of AD/HD in children (Cortese et al., 
2015; Sonuga-Barke et al., 2013, 2014).  
Besides pure CT and NFT training, a combined approach involving both CT and NFT, 
referred to as neurocognitive training, has been adopted (Johnstone, 2013).  This approach is 
based on the cognitive energetic model of AD/HD (CEM, Sergeant, 2005).  The CEM elaborates 
the role of energetic factors and EFs in determining behavioural output, and attributes AD/HD 
symptoms to deficient arousal and EF systems.  Hence, combined training that targets both the 
deficient aspects may promote these functions, which in turn alleviates AD/HD symptoms.  The 
combined training approach has been supported by empirical studies that report that a range of 
behaviours, including AD/HD symptoms, were improved after combined CT and NFT training 
(Jiang & Johnstone, 2015; Johnstone et al., 2017). 
However, there are a number of issues that need to be considered in further studies.  Firstly, 
as different training protocols have different aims, comparisons of the efficacy of different 
protocols is warranted and currently lacking.  Based on the CEM, combined training that tackles 
both deficit areas in AD/HD should be better than single-component training (i.e. CT or NFT 
alone).  Secondly, as the ultimate goal of training is the transfer of trained abilities to broader 
situations (Klingberg, 2010), research needs to closely consider transfer effects.  Transfer effects 
are usually classified as “near” or “far” in psychological research (Barnett & Ceci, 2002).  Near 
transfer refers to training gains in situations that are similar in context to the training context, 
whereas far transfer refers to training gains in situations that have little overlap with the training 
context (Barnett & Ceci, 2002).  Thirdly, previous studies have been criticised for the use of non-
optimal control groups or conditions, which may lead to biased conclusions (Shipstead et al., 2012; 
Sonuga-Barke et al., 2013; Arns et al., 2014).  For example, as non-pharmacological 
interventions typically involve several sessions, improved performance in experimental groups 
compared to waiting-list control groups may stem from expectation or placebo effects and/or 
longer contact with clinicians/researchers (Shipstead et al., 2012; Arns et al., 2014).  To remedy 
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this problem, whether the independent variable (training protocol) is introduced or not should be 
the only difference between the control and experimental group/condition.  Thus, there is a need 
to control for non-specific factors (e.g. the amount of client-therapist interaction or training 
sessions, time committed, and expectation) (Arns et al., 2014).   
In the current study, the effects of three different training protocols (i.e. CT alone, NFT 
alone, and NFT combined with CT) were compared in regards to near and far transfer with non-
specific factors controlled.  Measures that play an important role in AD/HD theories are 
considered as dependent outcome measures, including EFs and resting-state 
electroencephalograph (RS-EEG) activity.  AD/HD behavioural symptoms were also measured 
as a dependent variable.  The outcome measures were classified as measures of either near or far 
transfer based on the similarity of the functional context between the training content and the 
measure (Barnett and Ceci, 2002).    
A single-case experimental design (SCED) was adopted for the current study.  SCED 
includes frequent pre- and post-intervention measurement of dependent variables with each 
participant serving as his or her own control.  The internal validity of the experiment is addressed 
by the requirement for the dependent variables to change only after introducing the independent 
variables.  External validity is addressed by replication within or between participants (Dallery 
et al., 2013).  Compared to group designs, SCED requires fewer participants but more intensive 
observations.  A well-designed and implemented SCED is ranked as level 1 evidence by the 
Oxford Centre for Evidence-based Medicine (http://www.cebm.net) alongside randomised 
controlled trials.  There are a number of experimental designs (e.g. ABAB design, multiple 
baseline design, alternating treatments design).  As the effects of the intervention to be used in 
this study are likely to be maintained over a period of time, a multiple-baseline SCED is more 
suitable (Dallery et al., 2013).  In a multiple-baseline design, each participant should undergo two 
phases, a baseline phase and an intervention phase.  The only difference between the two phases 
is if the intervention is introduced.  Experimental effects will be examined based on the 
differences between baseline phases and intervention phases (Tate et al., 2014).   
As near transfer effects have been shown in previous CT and NFT studies (Johnstone et al., 
2012; Karbach & Kray, 2009), in the current study it is predicted that there will be near transfer 
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effects in both the CT condition and NFT condition.  Further, as the combined training condition 
involves both CT and NFT training, the near transfer effects predicted in the CT and NFT 
conditions are predicted to be shown in the combined condition.  Also, following studies showing 
the benefits of the combined training in alleviating AD/HD symptoms (Jiang & Johnstone, 2017; 
Johnstone et al., 2017), a far transfer effect on AD/HD symptoms in the combined condition is 
predicted. 
6.2 Method 
6.2.1 Participants 
Twelve participants initially took part in this study and were randomly assigned to one of 
the three training conditions (CT alone, CT; NF alone, NFT; or combined CT and NF, Combined).  
One participant dropped out due to health issues, and another as a result of not adhering to the 
intervention plan.  Subsequently, two more participants were recruited.  Demographic and 
group information of participants are displayed in Table 7. 
Table 7. Demographic information for cases in each group. 
 Case Age Gender IQ Subtype 
CT 
P4 8 M 98 C 
P5 9 M 80 I 
P9 9 M 80 I 
P11* 10 F 96 I 
P12 8 M 101 C 
NFT 
P1 7 M 115 C 
P3 9 M 121 I 
P6 9 M 105 C 
P10 10 M 89 I 
Combined 
P2 8 M 111 I 
P7 7 F 119 I 
P8* 9 M 103 I 
P13 8 M 90 C 
P14 8 M 99 C 
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Note.  CT, cognitive training condition; NFT, neurofeedback training condition; Combined, 
cognitive plus neurofeedback training condition; F, female; M. male; C, combined subtype; I, 
inattention subtype.  “*” refers to the participant that dropped out.  
 
The participants were recruited at Peking University Sixth Hospital in China, and were 
diagnosed by highly experienced paediatric psychiatrists.  All participants met the following 
inclusion criteria: 1) screened by the Clinical Diagnostic Interviewing Scales (Barkley, 1998), a 
structured clinical interview based on the DSM-IV; 2) no history of head trauma with loss of 
consciousness; 3) no history of neurological illness or other severe disease; 4) no history of other 
psychiatric disorders described in the DSM-IV; 5) naïve to any pharmacological treatment for 
AD/HD; and 6) an IQ higher than 80 on the Wechsler Intelligence Scale III for children. 
6.2.2 Design  
Each participant was randomised to one of the three training conditions; therefore each 
condition consisted of 4 cases.  Each case completed a baseline phase followed by an intervention 
phase.  The baseline durations within a training condition were varied, as outlined below.  The 
durations of the intervention phases were equal for each condition.  Participants and their parents 
were not informed that there were two phases across sessions.   
6.2.3 Baseline and intervention phases 
In the intervention phase, participants were required to complete 20 training sessions at 
home over 7 weeks.  They completed 3 sessions (on Monday, Wednesday, and Friday) per week 
for the first six weeks and 2 sessions (on Wednesday and Friday) in the last week.  Each training 
session took about 25 minutes to complete.  The intervention was completed on a 7-inch tablet 
device and delivered by a combination of software (i.e. the Focus Pocus software program) and 
hardware (i.e. the NeuroSky Mindwave Mobile EEG device).  Focus Pocus is a computer 
software package that was developed by Neurocognitive Solutions Pty Ltd (Australia) using 
University of Wollongong intellectual property.  The software creates a game environment for 
participants to complete CT and EEG-based NFT. The CT component consisted of working 
memory (WM) and response inhibition (RI) training games.  The WM games are based on a 
spatial working memory paradigm, and the RI games are based on the Go/Nogo paradigm.  The 
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NFT component consisted of a series of one minute games that were dependent on different types 
of brain activity: games driven by relaxation level (mainly linked to the alpha EEG band), games 
driven by attention level (mainly linked to the beta EEG band), and games driven by “Zen” (mainly 
linked to high levels of alpha and also beta EEG activity).  The purpose of the CT was to improve 
WM and RI ability, whereas the NFT aimed to promote awareness and conscious modulation of 
brain activity.  Difficulty levels for all games were adaptive, i.e. difficulty level was increased if 
the participants performed well on the previous game of that type, and difficulty level was 
decreased if performance on the previous game was poor.  Participants wore a portable EEG 
device (the NeuroSky Mindwave Mobile) during all games.  The device has one dry electrode 
which rests against the forehead in the middle pre-frontal area, and one reference electrode 
attached to the left earlobe via a gentle clip.  Each training session consisted of 14 games.  The 
CT condition completed 7 WM games and 7 RI games.  The NFT condition completed 5 attention 
games, 5 relaxation games, and 4 Zen games.  The Combined condition completed 3 WM games, 
3 RI games, and 8 NFT (3 attention, 3 relaxation, 2 Zen) games. 
An active control was adopted in the baseline phase to maximize internal experimental 
validity (e.g. expectation).  In the baseline phase, participants were required to wear the portable 
EEG device and to complete strategy games on the tablet.  The “training” frequency and length 
on the strategy games was the same as in the intervention phase; 25 minutes per session and 3 
sessions per week.  The baseline duration was predetermined.  Within each training condition, 
the duration for the first 3 cases was randomised from 2-weeks, 3-weeks, and 4-weeks without 
replacement, and the duration for the last case was randomised from 2-weeks, 3-weeks, and 4-
weeks. 
6.2.4 Measures 
Three types of measures were used to assess training effects.  EFs were assessed via a 
computer task measuring WM and another measuring RI, and a questionnaire to measure the 
everyday performance of WM (EWM) and RI (ERI).  In contrast to the CT training games within 
Focus Pocus, these assessment tasks were not gamified and they assessed similar processes but 
with none of the same surface features.  WM was measured by the 2-back task (Jaeggi et al., 2010) 
and RI measured by the Stop-signal task (Logan et al., 2014).  Performance accuracy on the 2-
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back task and the stop-signal reaction time from the stop-signal task were selected as dependent 
variables.  The Behavior Rating Inventory of Executive Function (BRIEF) parent version was 
used to measure EWM and ERI (Gioia et al., 2000), with consideration of the raw scores of the 
two subscales.  
Resting EEG (RS-EEG) was measured by a 14-channel wireless EEG headset device 
(Emotiv EPOC).  The device records EEG from 14 scalp locations (AF3, F7, F3, FC5, T7, P7, 
P8, T8, FC6, F4, F8, AF4, O1 and O2) at a 128 Hz sampling rate.  Four minutes of RS-EEG was 
recorded while the participant was resting with eyes-closed, followed by 4-minutes of recording 
during an eyes-open resting condition.  EEG pre-processing followed previous studies in this area 
(e.g. Barry et al., 2009; Clarke et al., 2011).  All channels were band-pass filtered from 1 to 70 
Hz with a 50 Hz notch filter.  Visual inspection was used to identify and exclude sections of EEG 
trace containing gross artefacts.  The Independent Component Analysis function in EEGLAB 
(Delorme & Makeig, 2004) identified and excluded components related to eye and muscle 
movements; this is a semi-automatic process aided by a toolbox in EEGLAB, ADJUST (Mognon 
et al., 2011).  The EEG traces were then segmented into 4 s epochs.  These epochs were Fourier 
transformed using a Hamming window, with EEG spectral power summed within four frequency 
bands: delta (1.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12.5 Hz), and beta (12.5-25 Hz).  
Baseline arousal (absolute alpha power averaged across channels in the eyes-closed condition, as 
per Barry et al., 2008), fronto-central theta/beta ratio (TBR, obtained by averaging the ratio of FC5 
and FC6), frontal alpha (absolute alpha power averaged in AF3, F7, F3, F4, F8, and AF4) and 
frontal beta (absolute beta power averaged by AF3, F7, F3, F4, F8, and AF4) were selected as the 
dependent variables.  
AD/HD symptoms were rated by the participant’s parents.  The AD/HD Rating Scale was 
used, which consists of 18 items to rate the severity of inattention (IA) and hyperactivity-
impulsivity (HI) symptoms. 
According to expectations based on the different training conditions, the above dependent 
variables were classified as near or far transfer outcomes (Table 8).   
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Table 8. Near and far transfer tasks for each group. 
 Near transfer Far transfer 
CT EFs RS-EEG, AD/HD symptoms 
NFT RS-EEG EFs, AD/HD symptoms 
Combined  EFs, RS-EEG AD/HD symptoms 
Note. CT, cognitive training condition; NFT, neurofeedback training condition; Combined, 
cognitive plus neurofeedback training condition; EFs, executive function, including working 
memory, response inhibition, everyday working memory, and everyday response inhibition; RS-
EEG, resting EEG, including global alpha, fronto-cental theta/beta ratio, frontal alpha, and frontal 
beta; AD/HD symptoms, measured by the AD/HD Rating Scale. 
 
6.2.5 Procedure  
Ethics approval was obtained from the Ethics Committee of Peking University Health 
Science Centre and the University of Wollongong Human Research Ethics Committee (HE 16/032).  
Informed consent was obtained from the parent or guardian of each participant prior to accessing 
any record or testing. 
The first assessment session was conducted before the commencement of the baseline 
phase at Peking University Sixth Hospital.  Children and their parents were instructed in the use 
of the EEG headset and strategy games for the baseline phase.  After this phase, children and 
their parents were instructed in the use of the Focus Pocus software for the intervention phase.  In 
both phases, children completed the required training at home.  Each weekend, the participant 
and their parent(s) attended the hospital for an assessment session. 
6.2.6 Data analysis 
Visual analysis is frequently used in SCED research, with a focus on specific features to 
examine intervention effects (WWC, 2014).  Elements of the analysis include: 1) Level – the 
mean score for the data within a phase, 2) Trend – the slope for the data within a phase, and 3) 
Variability – the range or standard deviation of data within a phase.  Next, features that show the 
difference between phases are examined: 4) Immediacy – the change between the level of the last 
three observation points in one phase and that of the first three observation points in next phase, 5) 
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Overlap – the proportion of data between phases overlapped, and 6) Consistency – the consistency 
of data in similar phases. 
Although often used in SCED, visual analysis has been criticized for lacking decision 
guidelines, being potentially biased by trends in the baseline phases, insensitivity to subtle changes, 
and lacking any effect size indicators (Harrington & Velicer, 2015).  The shortcomings have 
motivated the development of statistical analysis techniques for used in SCED research.  Tau-U 
is one such statistical method, based on nonparametric inference, combining non-overlap and trend 
analysis (Parker et al., 2011).  The broad rational of this analysis technique is that there should 
be little or no overlap between data in the baseline and intervention phases if the intervention is 
showing an effect.  Also, the technique examines any trends in the baseline phase and can correct 
for this in the phase comparison.  
While compared to visual analysis Tau-U provides a more objective and sensitive way to 
detect intervention effects (Parker et al., 2011), it does not provide information about immediacy 
of the effect; which is of interest in CT and NFT research.  Hence, in the current study Tau-U 
analysis was firstly conducted to detect the intervention effects, with visual analysis used as an 
adjunct analysis to examine the immediacy of the effect.  Also, the level and the consistency were 
also examined to recheck any detected effects. 
6.3 Results 
This study followed the “three demonstrations” criterion to assess if the intervention had 
an effect (Kratochwill et al., 2013), i.e. the conclusion that the intervention showed an effect on a 
variable was drawn only when at least 3 cases showed the phase difference.   
Due to internet connection issues, not all training sessions were completed online with 
adaptive difficulty for some participants.  Instead, offline-mode training with non-adaptive 
difficulties were completed when not able to train online.  Detailed information will be reported 
below.  
6.3.1 CT condition outcomes 
6.3.1.1 Completion 
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Fig. 12 displays the dependent variables across sessions for participants (P4, P5, P9, and 
P12) in the CT condition.  P4, P9, and P10 completed all training sessions online (i.e. with the 
training software adjusting the game’s difficulty level adaptively according to their performance 
on each game).  P5 completed 15 sessions online and 5 sessions offline (i.e. with self-directed 
difficulty level) due to technical issues.   
The baseline phase for P9 was one week longer than the assigned baseline duration, due to 
a minor technical issue with the tablet.  P9’s EEG data from the fourth session were largely 
contaminated by external artefacts and as a result RS-EEG measures were missing.  
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Fig. 12. The performance of the participants in the CT condition across sessions.  Top panel 
shows EF measures; middle panel shows AD/HD symptoms; bottom panel shows RS-EEG 
measures.  The red vertical lines refer to the ending point of the baseline phase for case “P9”. 
 
6.3.1.2 Intervention effects on EFs 
Table 9 displays the Tau-U results for the EFs.  Three demonstrations of the intervention 
effect were shown for inhibition rated by BRIEF.  The Tau-U analyses indicated that P4, P5, and 
P9 showed significantly reduced inhibition scores in the intervention phase.  Visual analysis 
indicated that the BRIEF inhibition subscale means in the baseline phase (meanBP) were larger 
than those in intervention phase (meanIP) for P4 (meanBP: 24 vs. meanIP: 20), P5 (meanBP: 15 vs. 
meanIP: 11), and P9 (meanBP: 18 vs. meanIP: 13).  As the changes were not immediate in relation 
to the introduction of CT, it appears that the effects were delayed.  
Cases P5 and P9 showed improvement in the intervention phase for 2-back.  Cases P4 
and P5 showed improvement in WM rated by BRIEF.  Case P12 showed improvement in SSRT.  
However, the number of effect demonstrations did not meet the criterion of three demonstrations 
for these measures. 
6.3.1.3 Intervention effects on RS-EEG 
Table 10 displays the Tau-U results for the RS-EEG measures.  In the intervention phase, 
P4 and P5 showed an increase in frontal alpha and P5 showed the increase in global alpha – thus, 
these variables did not show the effect criterion. No effect was found for the CT condition on 
frontal beta6.3.1.4 Intervention effects on AD/HD symptoms  
Table 11 displays Tau-U results for the ADHD-RS scores.  P9 and P12 showed a decrease 
in HI and P5 showed the decrease in IA, indicating that there was no effect for the CT condition 
on AD/HD symptoms.  
6.3.2 NFT condition outcomes 
6.3.2.1 Completion 
Fig. 13 displays the dependent variables across sessions for participants (P1, P3, P6, and 
P10) in the NFT condition.  P10 completed all sessions online.  P1 completed 18 sessions online 
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and 2 sessions offline.  P3 completed 13 sessions online and 7 sessions offline.  P6 completed 
14 sessions online and 6 sessions offline. 
P10’s EEG raw data from their third session was largely contaminated by external artefacts 
so RS-EEG measures from this session are missing.  
6.3.2.2 Intervention effects on EFs 
Table 9 displays the Tau-U results for the EFs.  Tau-U analysis indicated that P1, P3, and 
P6 showed significantly higher 2-back response accuracy in the intervention phase.  Visual 
analysis of 2-back response accuracy indicated that the meanBP was smaller than the meanIP for P1 
(meanBP: 59% vs. meanIP: 72%), P3 (meanBP: 73% vs. meanIP: 84%), and P6 (meanBP: 52% vs. 
meanIP: 78%).  As NFT was introduced in the intervention phase, 2-back accuracy was improved 
without delay.  
6.3.2.3 Intervention effects on RS-EEG 
Table 10 displays the Tau-U results for the RS-EEG measures.  Tau-U analysis 
demonstrated that cases P1, P6, and P10 showed an increase in the frontal alpha power in the 
intervention phase.  Visual analysis of frontal alpha power indicated that meanBP was smaller than 
meanIP for P1 (meanBP: 17.0 µV vs. meanIP: 30.8 µV), P6 (meanBP: 10.8 µV vs. meanIP: 20.3 µV), 
and P10 (meanBP: 7.4 µV vs. meanIP: 19.6 µV).  As NFT was introduced in the intervention phase, 
the frontal alpha power change was rapid in P1 and P6 but delayed in P10.   
P1 and P10 showed an increase in frontal beta and global alpha, and P10 showed a decrease 
in TBR in the intervention phase; however, the number of demonstrations did not meet the effect 
criterion.  
6.3.2.4 Intervention effects on AD/HD symptoms  
Table 11 displays the Tau-U results for the AD/HD symptoms.  Case P5 showed a 
decrease in IA.  No changes were found for HI.  These results indicate no effect for the NFT 
condition on AD/HD symptoms. 
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Table 9. Tau analysis on EFs for each group. 
 CT  NFT  Combined 
 Case Tau SDTau z p  Case Tau SDTau z p  Case Tau SDTau z p 
2-Back                  
 P4 0.393 0.378 1.039 0.298  P1 1.000 0.352 2.842 0.005*  P2 0.893 0.378 2.362 0.018* 
 P5 0.905 0.418 2.165 0.030*  P3 0.810 0.418 1.937 0.053*  P7 0.429 0.418 1.026 0.305 
 P9 0.881 0.333 2.643 0.008*  P6 1.000 0.418 2.393 0.017*  P13 1.000 0.352 2.842 0.005* 
 P12 0.514 0.352 1.462 0.143  P10 -0.086 0.352 -0.244 0.808  P14 0.350 0.342 1.025 0.306 
SSRT                  
 P4 -0.286 0.378 -0.756 0.450  P1 -0.257 0.352 -0.731 0.465  P2 -0.714 0.378 -1.890 0.059* 
 P5 -0.429 0.418 -1.026 0.305  P3 -0.810 0.418 -1.937 0.053*  P7 -0.333 0.418 -0.798 0.425 
 P9 0.143 0.333 0.429 0.668  P6 -0.048 0.418 -0.114 0.909  P13 -0.086 0.352 -0.244 0.808 
 P12 -0.829 0.352 -2.355 0.019*  P10 -0.257 0.352 -0.731 0.465  P14 0.375 0.342 1.098 0.272 
WM 
(BRIEF) 
                 
 P4 -0.821 0.378 -2.173 0.030*  P1 -0.029 0.352 -0.081 0.935  P2 0.048 0.418 0.114 0.909 
 P5 -0.952 0.418 -2.279 0.023*  P3 -0.429 0.418 -1.026 0.305  P7 0.057 0.352 0.162 0.871 
 P9 -0.262 0.333 -0.786 0.432  P6 -1.000 0.418 -2.393 0.017*  P13 0.275 0.342 0.805 0.421 
 P12 -0.167 0.365 -0.456 0.648  P10 0.400 0.352 1.137 0.256  P14 0.400 0.352 1.137 0.256 
Inhibition 
(BRIEF) 
                 
 P4 -0.821 0.378 -2.173 0.030*  P1 -0.629 0.352 -1.786 0.074  P2 -0.857 0.378 -2.268 0.023* 
 P5 -1.000 0.418 -2.393 0.017*  P3 0.191 0.418 0.456 0.649  P7 -0.095 0.418 -0.228 0.820 
 P9 -0.762 0.333 -2.286 0.022*  P6 -0.714 0.418 -1.709 0.087  P13 0.657 0.352 1.868 0.062 
 P12 -0.200 0.365 -0.548 0.584  P10 -0.371 0.352 -1.056 0.291  P14 -0.625 0.342 -1.830 0.067 
Note.  CT, cognitive training condition; NFT, neurofeedback training condition; Combined, cognitive plus neurofeedback training condition; EF, executive function; SSRT, stop 
signal reaction time 
Table 10. Tau analysis on the RS-EEG measures for each group. 
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 CT  NFT  Combined 
 Case Tau SDTau z p  Case Tau SDTau z p  Case Tau SDTau z p 
Alpha 
(Frontal)      
 
     
 
     
 P4 0.714 0.378 1.890 0.059*  P1 1.000 0.352 2.842 0.005*  P2 0.357 0.378 0.945 0.345 
 P5 0.905 0.418 2.165 0.030*  P3 0.619 0.418 1.482 0.139  P7 0.333 0.418 0.798 0.425 
 P9 -0.029 0.352 -0.081 0.935  P6 0.905 0.418 2.165 0.030*  P13 -0.657 0.352 -1.868 0.062 
 P12 0.371 0.352 1.056 0.291  P10 0.714 0.378 1.890 0.059*  P14 -0.350 0.342 -1.025 0.306 
Beta 
(Frontal) 
                 
 P4 0.500 0.378 1.323 0.186  P1 0.714 0.352 2.030 0.042*  P2 -0.286 0.378 -0.756 0.450 
 P5 0.143 0.418 0.342 0.732  P3 0.238 0.418 0.570 0.569  P7 -0.048 0.418 -0.114 0.909 
 P9 0.086 0.352 0.244 0.808  P6 0.714 0.418 1.709 0.087  P13 -0.200 0.352 -0.568 0.570 
 P12 0.550 0.342 1.610 0.107  P10 0.929 0.378 2.457 0.014*  P14 0.150 0.342 0.439 0.661 
Alpha 
(Global) 
                 
 P4 0.571 0.378 1.512 0.131  P1 1.000 0.352 2.842 0.005*  P2 0.786 0.378 2.079 0.038* 
 P5 1.000 0.418 2.393 0.017*  P3 0.429 0.418 1.026 0.305  P7 0.333 0.418 0.798 0.425 
 P9 -0.029 0.352 -0.081 0.935  P6 0.714 0.418 1.709 0.087  P13 0.029 0.352 0.081 0.935 
 P12 0.400 0.352 1.137 0.256  P10 1.000 0.378 2.646 0.008*  P14 -0.550 0.342 -1.610 0.107 
TBR                  
 P4 -0.286 0.378 -0.756 0.450  P1 0.371 0.352 1.056 0.291  P2 0.214 0.378 0.567 0.571 
 P5 0.143 0.418 0.342 0.732  P3 0.429 0.418 1.026 0.305  P7 0.429 0.418 1.026 0.305 
 P9 -0.371 0.352 -1.056 0.291  P6 0.143 0.418 0.342 0.732  P13 -0.314 0.352 -0.893 0.372 
 P12 -0.143 0.352 -0.406 0.685  P10 -0.714 0.378 -1.890 0.059*  P14 0.050 0.342 0.146 0.884 
Note: CT, cognitive training condition; NFT, neurofeedback training condition; Combined, cognitive plus neurofeedback training condition; RS-EEG, resting-state 
electroencephalography.  
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Table 11. Tau analysis on the AD/HD symptoms for each group. 
 CT  NFT  Combined 
 Case Tau SDTau z p   Case Tau SDTau z P   Case Tau SDTau z p 
IA                  
 P4 -0.429 0.378 -1.134 0.257  P1 0.229 0.352 0.650 0.516  P2 -0.679 0.378 -1.795 0.073 
 P5 -0.905 0.418 -2.165 0.030*  P3 -0.810 0.418 -1.937 0.053*  P7 0.238 0.418 0.570 0.569 
 P9 -0.429 0.333 -1.286 0.199  P6 -0.667 0.418 -1.595 0.111  P13 1.000 0.352 2.842 0.005* 
 P12 -0.486 0.352 -1.380 0.168  P10 0.171 0.352 0.487 0.626  P14 0.400 0.342 1.171 0.242 
HI                  
 P4 -0.679 0.378 -1.795 0.073  P1 -0.571 0.352 -1.624 0.104  P2 -0.786 0.378 -2.079 0.038* 
 P5 -0.571 0.418 -1.368 0.172  P3 0.095 0.418 0.228 0.820  P7 0.381 0.418 0.912 0.362 
 P9 -0.786 0.333 -2.357 0.018*  P6 -0.286 0.418 -0.684 0.494  P13 0.229 0.352 0.650 0.516 
 P12 -0.714 0.352 -2.030 0.042*  P10 0.000 0.352 0.000 1.000  P14 -0.050 0.342 -0.146 0.884 
Note: CT, cognitive training condition; NFT, neurofeedback training condition; Combined, cognitive plus neurofeedback training condition; IA, inattention symptom; HI, 
hyperactivity-impulsivity symptom. 
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Fig. 13. The performance of the participants in the NFT condition across sessions.  Top panel 
shows EF measures; middle panel shows AD/HD symptoms; bottom panel shows RS-EEG 
measures.  
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6.3.3 Combined condition outcomes  
6.3.3.1 Completion 
Fig. 14 displays the dependent variables across sessions for participants (P2, P7, P13, and 
P14) in the combined condition.  P2 and P7 completed all sessions online.  P13 and P14 
completed 10 sessions online and 10 sessions offline.  P14 was unable to train for one week of 
the intervention phase due to travel.  The data for that week were not recorded (the ninth), but 
one more week was added to the intervention phase.  
6.3.3.2 Intervention effects on EFs 
Table 9 displays the Tau-U results for the EFs.  Cases P2 and P13 showed an increase in 
the 2-back accuracy.  Case P2 showed a decrease in SSRT and inhibition score rated by BRIEF.  
No significant changes were found for WM rated by BRIEF.  Together, these results indicate that 
there was no effect for the Combined condition on the EF measures.  
6.3.3.3 Intervention effects on RS-EEG 
Table 10 displays the Tau-U results for the RS-EEG measures.  P2 showed an increase in 
the global alpha.  No changes were found in the other RS-EEG measures, indicating that there 
was no effect for the Combined condition on the RS-EEG measures. 
6.3.3.4 Intervention effects on AD/HD symptoms  
Table 11 displays the Tau-U results for the AD/HD symptoms.  Case P13 showed the 
decrease in IA.  Case P2 showed a decrease in HI.  These results indicate that the Combined 
condition had no impact on AD/HD symptoms.  
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Fig. 14. The performance of the participants in the combined condition across sessions. Top panel 
shows EF measures; middle panel shows AD/HD symptoms; bottom panel shows RS-EEG 
measures. 
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6.4 Discussion 
This study aimed to explore the transfer effects of three non-pharmacological interventions 
on EFs, RS-EEG, and AD/HD symptoms in children with AD/HD by using a multiple-baseline 
SCED.  Twelve participants completed 20-sessions of training at home.  The current study 
found that 1) CT reduced the BRIEF inhibition score; 2) NFT increased frontal alpha power and 
2-back accuracy; and 3) no changes were present in EFs, RS-EEG, or AD/HD symptoms for the 
combined condition.  
The current study suggests that CT and NFT can result in near transfer effects.  EWM and 
ERI tests were utilised in this study to examine if the effects of training can transfer to day-to-day 
situations.  For the CT condition, EWM and ERI were near transfer tasks.  A reduced ERI score 
was observed after CT.  Given the explanation of ERI score in BRIEF (Gioia et al., 1996), the 
reduced score indicated that the CT condition showed an improved ability to resist impulses and 
to stop their own inappropriate behaviours in daily situations after CT.  Hence, the current study 
indicates that CT may show a near transfer effect in improving day-to-day inhibitory performance 
in children with AD/HD.  Similar findings have been reported in children with AD/HD 
(Johnstone et al., 2010; Johnstone et al., 2012) and also other domains; e.g. after inhibition training 
adults show an increased ability to inhibit chocolate consumption (Houben & Jansen, 2011) and 
alcohol use (Houben et al., 2011) in daily life.   
A near transfer effect was also shown in the NFT group.  The NFT training in this study 
aimed to improve state-regulation ability via awareness and enhanced modulation ability of frontal 
alpha and beta activity.  The current study showed that alpha was increased in the frontal region 
after NFT, which suggests that focal NFT training offers possibilities for modifying trained EEG 
activity in a broader area.  Reduced frontal alpha activity has been regarded as a biomarker for a 
certain proportion of children with AD/HD (Barry et al., 2003; Clarke et al., 2011).  Together, 
this study suggests that the focal area based alpha NFT has a near transfer effect to normalise 
broader alpha activity.  
The NFT condition also demonstrated the ability to change a measure dissimilar to the 
training contents (i.e. a far transfer effect).  The performance on the 2-back WM task, which was 
not part of NFT, was improved during the training phase.  This result suggests a far transfer effect 
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of NFT on WM performance.  This far transfer may be due to the relationship between brain 
resting activity and task-related performance.  Recent cognitive neuroscience research attaches 
more importance to brain resting activity, and suggests that behavioural outcomes may be a 
combination of brain resting activity and brain stimulus-specific response (Raichle, 2009; Northoff 
et al., 2010).  Research also shows that brain resting activity can predict N-back WM performance 
(Zou et al., 2013).  Hence, modifying brain resting activity may in turn change WM performance, 
and the results of the current study provide support for this notion.  
In contrast to prediction, the combined condition did not show any transfer effects.  As 
the combined condition involved both CT and NFT, any improvement in the CT and NFT 
conditions was expected to be seen in the combined condition.  A closer inspection of the training 
parameters and completion may provide an explanation for these results.   An implicit rational 
behind the condition comparison in this study was to explore the transfer effects of the three 
conditions over the same training duration.  Each condition required 20 sessions of training of 
about 25 minutes per session.  As a consequence of controlling for training duration, the time 
spent on CT in the combined condition was half as much as in the CT condition; similarly, the time 
spent on NFT was half as much as in the NFT condition.  Thus, it is possible that the training 
time/intensity may not have been long enough to achieve the transfer effects seen in the CT and 
NFT conditions.  Further, it should be noted that two participants in the combined condition 
completed only half of the training with the adaptive difficulty due to technical issues.  Although 
in offline mode participants were guided to select challengeable difficulty each time, it is possible 
that the self-selected training difficulty may not have been sufficiently challenging.  Groups who 
train at a single- or fixed-difficulty level show limited training effects and are often used as control 
conditions (Johnstone et al., 2010; Klingberg et al., 2005; Motter et al., 2016).  Together, the 
reduced training time on each training component and a larger portion of the non-adaptive training 
may have impeded the combined condition to produce the transfer effects shown in the CT and 
NFT conditions. 
Some other improvements were shown in the current study but with only 1 or 2 
demonstrations.  Following the ‘minimum 3-demonstration criterion’ (Kratochwill et al., 2013) 
these improvements are not regarded as intervention effects and they indeed may be caused by 
factors other than the experimental manipulations (Tate et al., 2014).  However, it is also possible 
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that there are individual differences in obtained training benefits; a notion supported by studies in 
other populations.  In healthy populations, researchers point out that, individual differences such 
as motivation and implicit attitude to intelligence may influence training effects (Jaeggi et al., 
2014).  Hence, not all individuals will benefit from training in the same way (Jaeggi et al., 2014).  
Moreover, based on research in schizophrenia, a similar proposition was put to emphasize the 
importance of the patients’ own character in determining training effects (Vinogradov et al., 2012).  
Hence, the improvements that did not reach the effect level may be caused by the different 
reactivity to the training in children with AD/HD, which encourages future studies to consider 
individual differences in obtaining training effects. 
The transferability to untrained situations is an important index to judge an intervention’s 
efficacy (Klingberg, 2010).  Although CT and NFT training have shown promising results for 
improving the behaviour of children with AD/HD, the examination of their transferability is 
inadequate (Cortese et al., 2015; Sonuga-Barke et al., 2013, 2014).  The current study suggests 
that CT and NFT can benefit untrained abilities such as EFs and RS-EEG which may be markers 
of AD/HD status (Barkley, 1997; Barry et al., 2003; Nigg et al., 2005).  More broadly, these 
results provide some support for the application of CT and NFT as non-pharmacological 
intervention methods in children with AD/HD.   
To our knowledge, this is the first study that has evaluated and compared the elements of 
neurocognitive training in children with AD/HD with a SCED.  In the course of this study it 
became apparent that this experimental design has some practical advantages as well as limitations 
for evaluating neurocognitive training.  SCED has an advantage over traditional group designs in 
requiring a smaller sample size, with internal validity is achieved randomisation (Kratochwill & 
Levin, 2010).  This is helpful in cases in which large groups of participants with a specific 
type/severity of a disorder are difficult to recruit.  While a group design may require more than 
100 participants to compare 3 training conditions with at least 2 data collections sessions per 
participant, from a practical perspective it should be noted that the SCED requires a substantial 
number of observations per participant, and thus there were over 160 data collection sessions in 
this study.  Additionally, as the effects of CT and NFT are usually achieved through reasonably 
intensive multi-session training, our observation frequency was weekly rather than daily as is 
frequently used in other SCED studies.  Correspondingly, the baseline observations should be 
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weekly, which results in this study more demanding compared to a group design.  As a result, 
children may struggle with the volume of training and observations sessions, which may affect 
both the training benefits and evaluation results. 
There were also other limitations in this study.  The minimum number of observations 
points in the baseline phase was 3, which meets the WWC research standards but with reservations 
(WWC, 2014).  The WWC recommends collecting at least 5 points to describe a phase.  
Moreover, the study determined whether there was an effect by the “three demonstrations” 
criterion (Kratochwill et al., 2013).  However, the criterion is just based on the convention in 
SCED research in which three replications represent higher likelihood of causal effects (Horner et 
al., 2012), and there is no formal expression of the criterion (Kratochwill & Levin, 2010; 
Kratochwill et al., 2013).  For example, although the minimum number of attempts to 
demonstrate effects are mentioned, the maximum is seldom discussed.  In addition, although the 
questionnaires used in this study have good psychometric properties, the relevant behaviour was 
weekly assessed and this differs from conventional usage.  For example, BRIEF is often assessed 
based on the past 6-months of behaviour.  The reliability and validity of weekly measures are 
uncertain.  Furthermore, there was no follow-up test for the training effects, so it is uncertain how 
long the obtained effects may last. 
6.5 Conclusion 
With these limitations, the current study provides preliminary results of comparing 3 non-
pharmacological interventions in terms of transfer effects in children with AD/HD.  Based on 
Tau-U analysis and visual inspection, the results indicated the CT condition showed near transfer 
on the trained inhibitory function in everyday situations.  The NFT condition showed near 
transfer of alpha activity to broader brain regions, and also showed far transfer effect for WM. The 
Combined condition did not demonstrate any transfer effect.  Together, these preliminary results 
provide some support the application of CT and NFT in children with AD/HD, and provide 
practical and theoretical suggestions for further examining training effects and optimising training 
protocols. 
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CHAPTER 7: General Discussion 
Beginning with the question about the diagnostic value of RS-EEG in children with 
AD/HD, this thesis firstly explored the questions of whether (1) TBR still differentiated AD/HD 
from controls in children and adolescents, and (2) there was a time effect of RS-EEG measures in 
children with and without AD/HD.  Subsequently, following a recent perspective, this thesis 
examined the prognostic value of RS-EEG in terms of predicting EF abilities in children with 
AD/HD, by (3) exploring correlations between RS-EEG measures and EF abilities and AD/HD 
symptoms, (4) examining the relationship between TBR and three types of inhibitory control, and 
(5) using EEG measures under different conditions as a whole to examine correlations with 
performance on common EF tasks and day-to-day EF.  In addition to these cross-sectional studies, 
a longitudinal study was also conducted to (6) determine if non-pharmacological interventions 
targeting RS-EEG and EF can modify broader behaviour in children with AD/HD.  Together, 
these studies contribute significantly to current understanding of the clinical value of RS-EEG and 
the application of non-pharmacological interventions in children with AD/HD.  
The following discussion will consider what the findings of this thesis have added to the 
current understanding of RS-EEG differences between children with and without AD/HD, the 
correlates of RS-EEG, and intervention transfer effects.  Following this, the broader implications 
of the findings will be considered, along with limitations and future directions. 
7.1 RS-EEG differences between children with and without AD/HD 
7.1.1 TBR 
In line with recent studies, the findings reported in this thesis do not support the diagnostic 
value of TBR.  Participants with AD/HD did not show increased TBR compared to typically-
developing healthy controls; this effect was not moderated by age as the comparison was 
conducted in children and adolescents.  Although TBR has been considered as a promising 
biomarker to objectively diagnose AD/HD (Faraone et al., 2014), and the U.S. Food and Drug 
Administration (2013) has approved a TBR-based tool to aid the assessment of AD/HD, the 
findings presented in this thesis along with other recent studies (e.g. Ogrim et al., 2012; Loo et al., 
2013) suggest that TBR is not a reliable diagnostic measure for AD/HD.  A recent review 
suggests that the value of TBR has remained reasonably consistent in children with AD/HD but 
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increased in controls in recent years (Arns et al., 2013).  This increase of TBR in controls has 
attracted some attention, and factors such as the change of sleep duration are suggested to 
contribute to the increase (Arns et al., 2013).  Although little is known about the reason for the 
TBR increase in healthy controls, at least one conclusion can be drawn from the increase – AD/HD 
status is not the only factor that gives rise to the value of TBR and other factors can also cause a 
high TBR value.  Thus, the elevated TBR value cannot be regarded as a reliable diagnostic marker 
of AD/HD.  
7.1.2 Delta and alpha power 
As children with AD/HD differed from controls in delta and alpha RS-EEG activity in this 
thesis, it is worthwhile considering the role of this activity as biomarkers for diagnosing AD/HD 
instead of TBR.  Children with AD/HD showed increased delta power and decreased alpha power 
compared to healthy controls, which is consistent with a substantial number of previous studies 
(for a review, see Barry & Clarke, 2009) and echoes the general view that children with AD/HD 
have increased power of slow-wave brain activity and decreased power of fast-wave brain activity 
(Barry et al., 2003; Chabot & Serfontein, 1996; Loo & Barkley, 2005; Loo & Makeig, 2012).   
However, similar to the situation for TBR, the reliability of these effects can be questioned, as not 
all AD/HD samples have shown these features in previous studies (Barry & Clarke, 2009; Look & 
Makeig, 2012; Lenartowicz & Loo, 2014).  Thus, the abnormal delta and alpha activity reported 
here may be attributed to sampling.  A cluster analysis has estimated that 24.5% of children with 
AD/HD had increased delta power and 83.2% of those had decreased alpha activity (Clarke et al., 
2011).  Similarly, a recent study using latent class analysis also reported that delta and alpha 
activity could not represent all children with AD/HD (Loo et al., 2017).  That study reported that 
no class was able to represent all children with AD/HD based on measures derived from RS-EEG 
spectral power analysis, and heterogeneous profiles were shown in children with AD/HD (Loo et 
al., 2017).  Hence, although increased delta and decreased delta were observed in this thesis, with 
regard to previous studies, they may not be reliable diagnostic biomarkers.  
7.1.3 Time effects on RS-EEG measures 
This thesis also explored EEG recording length as a factor that may affect the comparison 
of children with and without AD/HD, encouraged by behavioural findings in waiting situations.  
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Compared to Study 1, RS-EEG data were recorded over a longer period of time which allowed 
time-based comparisons of RS-EEG differences between groups.  Study 2 replicated the findings 
that there was no TBR difference between groups, and children with AD/HD had increased delta 
power and decreased alpha power.  With regard to the influence of EEG recording length, 
consistent with the predictions basing on the OS model and the delay aversion model, both groups 
showed alpha increase over time while only children with AD/HD showed theta increase over time.  
These results suggest that EEG recording length has an impact on RS-EEG results in children and 
that it is an additional factor that affects AD/HD versus control RS-EEG differences.  These 
findings support others that showed that recording context factors such as the order of RS-EEG 
testing in relation to other tests can affect the AD/HD versus control group comparisons (Kitsune 
et al., 2015). 
In sum, despite the long-term hopes for finding an RS-EEG-based biomarker for 
diagnosing AD/HD in research, this thesis suggests that there may not be a reliable RS-EEG 
measure based on RS-EEG spectral power analysis, primarily due to the heterogeneity of RS-EEG 
in children with AD/HD (Clarke et al., 2011; Loo et al., 2017).  In terms of methodology to 
compare children with and without AD/HD, this thesis suggests that RS-EEG recording context 
such as recording length deserves more attention. 
7.2 Correlates of RS-EEG  
7.2.1 Higher-order EF 
Another series of studies in this thesis turned attention to examining the relationship 
between RS-EEG and behaviour - mainly EF performance.  These studies began with an 
exploratory analysis of general RS-EEG measures and broader EF outcomes, and subsequently 
extended to explore the relationship between specific RS-EEG measures and different types of EF. 
RS-EEG was correlated with higher-order EF in children with AD/HD in Study 1.  This 
first study analysed the relationship between RS-EEG measures and broader EF abilities including 
RI, WM, switching, planning, and decision making.  Theta activity and total EEG power were 
negatively correlated with the performance of spatial planning and decision making.  In a 
prevailing EF model, planning and decision making are regarded as higher-order EF which 
depends on RI, WM, and switching (Diamond, 2013).  Thus, the correlations reported in Study 1 
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suggest that individual differences in theta and total power among children with AD/HD may 
reflect planning and decision making abilities.  
7.2.2 Inhibitory control 
Another notable finding in Study 1 was the correlation between inattention symptoms and 
an important RS-EEG measure, i.e. TBR.  This indicated that TBR was related to attention-
related problems.  As TBR shows a correlation with inhibitory functions in the normal population 
(e.g. Putman et al, 2010), Study 3 further explored whether higher TBR in children with AD/HD 
reflected the inhibitory issue at an attentional level (e.g. IC). 
Study 3 found that TBR may be an inhibitory marker in children with AD/HD.  In line 
with findings in the normal population (e.g. Putman et al, 2010), children with AD/HD with higher 
TBR showed poorer IC compared to those with lower TBR.  Children with AD/HD with lower 
TBR showed poorer day-to-day inhibition.  Together, these results suggest that certain types of 
inhibitory deficits in children with AD/HD can be reflected by their TBR features.  Moreover, 
correlations among inhibitory functions is regarded as a sign of the maturation of the pre-frontal 
cortex (Bunge et al, 2002; Wager et al., 2005).  Thus, without such correlations observed in the 
AD/HD group with higher TBR, Study 3 further suggests that children with AD/HD who have 
higher TBR may have an immature pre-frontal cortex.  
7.2.3 Common and day-to-day EF 
Study 4 was then conducted to extend examination of the relationship between RS-EEG 
and EF to consider whether any RS-EEG measure can predict common EF in lab tasks and day-
to-day EF.  Using RS-EEG measures recorded in EC and EO resting conditions, this study 
indicated that delta and alpha localised activation can predict common EF and day-to-day EF, 
respectively.  The delta and alpha activations, which are the RS-EEG differences between EC 
and EO conditions, has been reported to reflect passive processing elicited by baseline visual 
stimuli (Barry et al., 2007, 2009; Northoff et al., 2010).  Hence, this study suggests that the 
individual difference in baseline visual processing can predict common and day-to-day EF ability 
in children with AD/HD. 
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A follow-up analysis in Study 4 further highlighted the role of baseline CNS arousal in the 
relationship between delta activation and common EF.  Through a serial mediation analysis, an 
indirect pathway was found from baseline CNS to common EF, with lower baseline CNS arousal 
driving poorer common EF performance.  This finding is in line with AD/HD models that 
attribute AD/HD symptoms to CNS arousal issues (e.g. Zentall & Zentall, 1983). 
Together, this analysis of the relationships between RS-EEG measures and different 
aspects of EF abilities within children with AD/HD provides an alternative perspective on the 
value of measuring RS-EEG indicating that RS-EEG profiles have prognostic value in terms of 
predicting EF abilities. 
7.3 Transfer effects of three non-pharmacological interventions 
In addition to the above cross-sectional studies, a longitudinal study examined whether 
interventions targeting EF and RS-EEG can generate broader outcome effects.  In this study, the 
transfer effects of three training protocols, suggested by the components of the Cognitive Energetic 
Model (i.e. cognitive training of WM and IC, neurofeedback training, and combined cognitive and 
neurofeedback training) were evaluated.  Study 5, though preliminary, provides an example of 
how the findings from the previous studies can be utilised beyond their diagnostic and/or 
prognostic value to inform intervention design and contribute to an understanding of intervention 
outcomes.  
Near transfer effects were shown in the CT and NFT conditions but not in the Combined 
condition.  Through CT and NFT, children with AD/HD showed improvements in some 
untrained tasks, which is in line with previous studies reporting that CT and NFT have narrow 
transfer effects (Johnstone et al., 2012; Karbach & Kray, 2009).  In contrast to prediction, while 
the Combined condition involved both types of training, the transfer effects shown in the “CT-
alone” or NFT-alone” conditions were not demonstrated.  As the training of cognitive and RS-
EEG domains in the Combined condition was not as intensive as in the CT and NFT conditions, 
this result suggests that training intensity is an important contributing factor for training outcomes.   
7.4 Implications 
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The combination of the findings presented in this thesis contributes to discussion about the 
clinical value of RS-EEG in children with AD/HD.  While TBR has shown potential as an RS-
EEG biomarker to aid in the diagnosis of AD/HD (Faraone et al., 2014), this thesis did not support 
this argument - no between group differences in TBR were found here, as recently reported in 
other studies (e.g. Arns et al., 2013).  Indeed, at a broader level, the other spectral power based 
RS-EEG measures may also be unable to reliably differentiate AD/HD from non-AD/HD as a 
consequence of heterogeneous presentations and RS-EEG profiles (Clarke et al., 2011; Loo et al., 
2017).   
The thesis also suggests methodological considerations for future RS-EEG studies in 
children with and without AD/HD.  As the RS-EEG recording length extended alpha activity 
increased in all children, reflecting a CNS arousal decrease.  Future studies should be careful to 
consider this when children are participants and alpha is a dependent variable. Interestingly, a 
previous study examined the time effect on alpha activity in adults and did not find such a time 
effect (Barry et al., 2007).  This effect difference suggests an interaction between age and the 
alpha effect.  A recent model, the vigilance regulation model, has highlighted the importance of 
regulating CNS arousal state for individuals (Hegerl & Tilman, 2014).  As alpha represents CNS 
arousal, together these results indicate that adults are better at regulating CNS arousal during RS-
EEG recording.  Further studies may explore if stable arousal over a long period has value as a 
developmental indicator.  Moreover, as there was an interaction between time-on-task and 
AD/HD status for theta activity, future studies may examine the diagnostic value of this interaction.  
Given the content similarity between RS-EEG recording and a waiting situation, this interaction 
may be regarded as brain activity elicited by a waiting task.  Meanwhile, as RS-EEG recording 
length is just one factor of the overall recording context, other factors may interact with AD/HD 
status to affect RS-EEG measures.  These outcomes add weight to the argument for the 
standardisation of recording context in studies examining children with AD/HD (Kitsune et al., 
2015).   
The studies presented in this thesis suggest that the RS-EEG profiles of children with 
AD/HD can reflect individual differences in EF abilities, which further supports the prognostic 
value of these electrophysiological measures in children with AD/HD.   The prognostic 
proposition was initially put forward based on the findings that RS-EEG profiles predicted 
111 
 
response to stimulant treatment (Arns et al., 2013; Arns & Gordon, 2014; Olbrich et al., 2015).  
Besides, RS-EEG profiles can also predict the developmental trajectory of AD/HD symptoms 
(Clarke et al., 2011).  In this thesis, specific RS-EEG profiles were associated with specific EF 
abilities in children with AD/HD, which extends the prognostic value of RS-EEG.  In a clinical 
context, it may be valuable and informative to evaluate risks of EF deficits based on the RS-EEG 
profiles in children with AD/HD. 
The prognostic value of RS-EEG leads to a question about whether or not there is a need 
to define RS-EEG based subtypes.  AD/HD has been conceptualised as a disorder with large 
heterogeneity since the publication of DSM-III (APA, 1980).  Current opinion recognises that 
there are two dimensions of AD/HD symptoms and the two dimensions form three AD/HD 
presentations: the IA presentation, the HI presentation, and the combined presentation (APA, 
2013).  As children with AD/HD show different RS-EEG profiles, the concept of “RS-EEG-
based subtypes” was introduced over a decade ago (e.g. Clarke et al., 2001b).  Compared to 
symptom-based classification, RS-EEG-based subtypes do have some advantages.  Firstly, as the 
traditional AD/HD presentations are classified based on behavioural assessments, RS-EEG 
subtypes is more objective and efficient.  Secondly, as different RS-EEG profiles result from 
different CNS deficits in children with AD/HD (Barkley, 2014), RS-EEG subtypes may better 
classify different clusters of AD/HD in terms of mechanisms and may further guide the selection 
of stimulant treatments.  Thirdly, as RS-EEG also predicts EF abilities, which are crucial for the 
performance of a range of social functions and academic performance (Diamond, 2013), RS-EEG 
subtypes may indicate some risks in advance; meanwhile, as interventions have shown benefits of 
improving EF (e.g. Diamond & Lee, 2011), parents can select relevant training to improve the 
deficit EF to reduce the risks. 
The results presented in this thesis support AD/HD models that consider resting brain 
activity.  As children with AD/HD often struggle with goal-directed tasks (Barkley, 2013), a 
direct assumption is that children with AD/HD have deficits in brain regions/networks that 
underpin these tasks – this has stimulated a large amount of research to examine which types of 
tasks and which corresponding brain regions/networks are impaired.  A wide range of models 
have been put forward to explain the disorder following this perspective, such as the EF 
dysfunction model linked to the fronto-striatal executive circuit based (e.g. Barkley, 1997) and 
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delay aversion model linked to the fronto-striatal reward circuit based (e.g. Sonuga-Barke, 2005).  
Other models take resting brain activity into consideration, and attribute deficits in goal-directed 
tasks in children with AD/HD to abnormal brain resting activity, such as the OS model (Zentall & 
Zentall, 1983), the default mode network (DMN) model (Sonuga-Barke & Castellanos, 2007), and 
the CEM (Sergeant, 2005).  There are some differences among the models.  The OS and DMN 
models attribute the disorder entirely to atypical resting activity, with AD/HD symptoms explained 
as the result of lower baseline CNS arousal in the OS model (Zentall & Zentall, 1983) and as the 
result of abnormal default resting brain activity in the DMN model (Sonuga-Barke & Castellanos, 
2007).  The CEM is more complex and attributes the disorder to both resting and task-related 
brain activity.  Similar to the OS model, the resting brain activity in the CEM refers to baseline 
CNS arousal.  In this thesis, RS-EEG measures could explain some variance in task performance.  
Recent studies suggest that RS-EEG measures may be the electrophysiological correlates of the 
DMN (e.g. Cabral et al., 2014).  Together, this thesis suggests that the goal-directed deficits in 
AD/HD may be partially attributed to the DMN.  Meanwhile, this thesis found that baseline CNS 
arousal was also associated with task performance.  Together, this thesis suggests that future 
models should consider both the roles of DMN and baseline arousal in causing abnormal goal-
directed abilities in children with AD/HD. 
Bearing in mind the preliminary nature of the study, this thesis provides some support for 
the use of home-based, non-pharmacological, interventions in children with AD/HD.  A novel 
experimental design was adopted, to control for non-experimental factors, and to examine transfer 
effects of three novel and innovative non-pharmacological intervention protocols – the reported 
study has practical and theoretical implications for further studies.  Some concerns have been 
expressed with regards to previous non-pharmacological intervention studies in children with 
AD/HD including: 1) the training effects may result from other factors such as expectation rather 
than training itself (Shipstead et al., 2012; Sonuga-Barke et al., 2013; Arns et al., 2014), and 2) it 
is unknown if the training effects can transfer to untrained domains.  The results presented in this 
thesis, to a certain extent, addressed these concerns.  As not all children with AD/HD have a good 
response to medication treatment (AAP, 2011), and many parents have a conservative attitude 
toward the use of mediation treatment (Berger et al., 2008), this thesis suggests that the non-
pharmacological protocols may become a complementary treatment.  Also, it should be noted 
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that all the training sessions were delivered by low-cost tools and completed at home.  Thus, these 
interventions may be more accessible for children with AD/HD and may not become a burden for 
AD/HD families.  However, as training effects were shown only in narrow domains, and AD/HD 
symptoms were not alleviated, it appears that the non-pharmacological intervention training 
protocols need to be delivered over a longer duration and with higher intensity.  Also, it may be 
the case they these types of fundamental, process- and state-regulation focused interventions 
should be integrated with other intervention approaches (behavioural, medication, parent) giving 
a broader range of intervention targets and increased likelihood of long-term, comprehensive, 
positive outcomes.  
7.5 Limitations and future studies 
The studies reported in this thesis considered only spectral power analysis of the RS-EEG, 
resulting in a number of limitations.  Firstly, while spectral power reflects the synchronised 
electrophysiological activity over a certain brain region (Andreassi, 2007), it provides little 
information about brain connectivity – the synchronisation between different brain regions.  
Recent studies suggest that children with AD/HD may have abnormal brain connectivity during 
resting states (Barry et al., 2011; Zang et al., 2007), and thus future studies should analyse AD/HD-
control differences also in terms of brain connectivity via EEG coherence and other techniques.  
Secondly, summed spectral power was used to calculate power in RS-EEG bands.  While this is 
widely used approach, it may not be the best approach to reflect RS-EEG band features, as the 
setting of band range is based on convention rather than the nature of RS-EEG spectral power 
(Andreassi, 2007) and does not consider individual difference in RS-EEG band activity (Klimesch, 
1999, 2012).  Some new approaches are currently under development such the PCA-based 
method (Barry & Frances, 2017) and individual frequency peak analysis (Klimesch, 1999, 2012), 
and are worthy of future consideration.  Moreover, an assumption of spectral power analysis is 
that brain activity oscillates in a linear manner, which may be violated (Sohn et al., 2010; Ghassemi 
et al., 2012), and non-linear approaches have been suggested to analyse AD/HD versus control 
differences (e.g. Mohammadi et al., 2016).  Given these limitations, future studies may use the 
alternative approaches to confirm/extend findings in this thesis. 
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The relationship between RS-EEG and task performance in healthy control children was 
not analysed in this thesis, limiting consideration of the mechanism of the observed correlation 
between RS-EEG and task performance in children with AD/HD.  As the studies aimed to 
investigate prognostic value, this thesis did not examine the relationship in controls.  It may be 
the case that the relationship is similar in controls, with or without coefficient differences.  It is 
also possible that the reported correlations are unique to children with AD/HD as previous studies 
have reported that children with AD/HD have some unique correlations between RS-EEG and 
behaviour outcomes - explained from a compensation perspective (Barry et al., 2011).   
As children with AD/HD have varied RS-EEG profiles, future studies may explore the 
behavioural implications of other RS-EEG “subtypes”, an aspect not explored in this thesis, to 
extend the prognostic value of RS-EEG.  In this thesis, behavioural implications were mainly 
explored in the popular RS-EEG measures such as arousal-related measures and TBR.  However, 
compared to controls, not all children with AD/HD can be characterised by these RS-EEG 
measures.  For example, a certain percentage of children with AD/HD show excessive beta 
activity (Clarke et al., 2011).  Future studies may further examine the behavioural implications 
of other RS-EEG profiles. 
The intervention study also had limitations.  Firstly, as part of the recruitment approach 
and ethical requirements, participants and their parents were given an information sheet containing 
information about the potential benefits of non-pharmacological treatment approaches.  This 
process may establish a set of expectations about training outcomes.  A recent study reported that 
the behavioural change of cognitive training may well be explained by participants’ expectation 
prior to training (Foroughi et al., 2016).  Secondly, there were no follow-up tests in the 
intervention study.  Thus, it is not known how long any observed training effects may last.  
Thirdly, although the current study suggested that transfer effects were achieved as a result of 20 
sessions of training, we did not investigate the minimum number of sessions for obtaining training 
effects.  Fourthly, participants were not allocated to the most appropriate training condition based 
on an assessment of current abilities.  Current training literatures proposes that targeting deficient 
areas based on pre-assessment may result in larger training gains (Cramer et al., 2011).  Previous 
studies have reported that not all children with AD/HD show abnormal EF (Nigg et al., 2005) or 
RS-EEG (Loo et al., 2017).  Hence, it is possible that the participants in each of the CT, NFT, 
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and Combined conditions may not have had specifically relevant deficit areas which would likely 
attenuate training outcomes.  Future studies may adopt a more tailored training approach, based 
on pre-assessment of abilities to clarify this.   
7.6 Conclusion 
This thesis aimed to explore the value of RS-EEG in children with AD/HD and to evaluate 
RS-EEG and EF based training protocols.  The results do not support the diagnostic value of 
traditional RS-EEG measures (e.g. TBR).  Meanwhile, the interaction between RS-EEG 
recording length and AD/HD status provides new methodological insight and a possible diagnostic 
marker.  This thesis supports and extends the recent prognostic perspective of using RS-EEG in 
children with AD/HD through the observations that RS-EEG profiles reflect individual differences 
of EF abilities.  The findings encourage further explorations on the behavioural implications of 
other RS-EEG profiles in AD/HD, and support future AD/HD models to explain abnormal goal-
directed behaviour by factoring in the role of different types of resting brain activity.  Following 
the relationships between RS-EEG and EF, the intervention study found that RS-EEG and EF 
based training showed narrow transfer effects for children with AD/HD, and suggests further 
studies to refine intervention protocols. 
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